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The famous demonstration of optical rogue waves (RWs), a powerful tool to reveal the fundamental physics in
different laser scenarios, opened a flourishing time for temporal statistics. Random fiber laser (RFL) has likewise
attracted wide attention due to its great potential in multidisciplinary demonstrations and promising applica-
tions. However, owing to the distinctive cavity-free structure, it is a scientific challenge to achieve temporal local-
ized RWs in RFLs, whose feedback arises from multiple scattering in disordered medium. Here, we report the
exploration of RW in the highly skewed, transient intensity of an incoherently pumped RFL for the first time, to
our knowledge, and unfold the involved kinetics successfully. The corresponding frequency domain measure-
ments demonstrate that the RW event arises from a crucial sustained stimulated Brillouin scattering process with
intrinsic stochastic nature. This investigation highlights a novel path to fully understanding the complex physics,
such as photon propagation and localization, in disordered media. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.8.000001

1. INTRODUCTION

The concept of random lasers employing multiple scattering of
photons in an amplifying disordered material to achieve coher-
ent light has attracted increasing attention due to features such
as cavity-free structural simplicity and promising applications
in imaging, medical diagnostics, and other scientific or indus-
trial fields [1–3]. However, because of the lack of sharp reso-
nances, it also has presented many challenges to conventional
laser theory, such as light localization phenomenon in disor-
dered amplifying media [4–6]. Random fiber laser (RFL),
whose operation is based on the extremely weak Rayleigh scat-
tering (RS) provided there is random distributed feedback in a
piece of passive fiber, can trap the random laser radiation in
a one-dimensional waveguide structure with efficiency and per-
formance comparable to conventional fiber lasers [7,8]. It also
presents rich physical properties in the spectral, temporal, and
spatial domains [9–11]. In particular, the intensity fluctuation
statistics (e.g., Lévy flights in output spectra) and involved dy-
namics have been extensively investigated in RFL as an impor-
tant gateway to understand the operational mechanism and
define features of the light source [12–19].

In general, intensity statistical investigations of fiber sources
have flourished since the famous demonstration of optical
rogue waves (RWs) [20,21]. Although the statistical RW behav-
ior with (temporally or spatially) highly skewed intensity

distributions and rare and unexpected appearance has been
known for a long time in various different physical contexts
such as oceanographic, capillary, and plasma waves and Bose–
Einstein condensates (see, e.g., Ref. [22], for extensive reviews
of this field), the optical RW phenomenon was only first
presented in 2007 by Solli et al., when they investigated the
heavy-tailed histograms of intensity fluctuations in supercon-
tinuum generation [20]. In recent years, the formation mech-
anisms of optical RWs have been determined both
experimentally and theoretically in fiber lasers with nonlinearly
driven cavities [20,23], Raman fiber lasers [24], and fiber lasers
via modulation of the pump [25] (see the comprehensive over-
views on this issue [26,27]). In contrast, up until now, the op-
tical RW behavior with temporally localized structures has not
been presented in RFLs with no defined cavity (or with an open
cavity), even if the stochastic pulse shape originating from
stimulated Brillouin scattering (SBS) has been observed in
RFLs [7,28,29]. Detailed in the former RFLs constructed by
a piece of common passive fiber, the SBS factor and associated
giant pulses can only exist near the lasing threshold and will be
suppressed in the power scalability (typically, about 25% higher
than the lasing threshold in Ref. [7]) by the potential intensity
fluctuations of pump laser, as discussed in Refs. [28,30]; oth-
erwise, a section of special ultra-high numerical aperture
(UHNA) passive fiber with small core diameter (usually about
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2–4 μm) and limited conversion efficiency (about 10%) and
robustness is necessary for the SBS stimulation [29].
Furthermore, despite the fact that the extreme event has been
distinguished in random lasers around the threshold [14,31],
there is no evidence as to the generation of optical RW.
Consequently, the generation and evolution of optical RW
behavior in RFLs has until now been an open issue.

In this work, we exploit a cavity-free structured RFL utiliz-
ing a simple experimental setup along with a piece of standard
telecom fiber span and an incoherent amplified spontaneous
emission (ASE) source. Thanks to the unique temporal stability
property of pumping ASE light, the SBS process can be stimu-
lated and sustained from nearly the lasing threshold to even
maximal pump power (about 2.5 times higher than the lasing
threshold). Simultaneously, optical RW behavior in an RFL is
clearly demonstrated for the first time, to our knowledge, to
occur both near and high above the lasing threshold transition.
The exploration of optical RW behavior reveals the complex
interplay processes, such as SBS, stimulated Raman scattering
(SRS), and RS, in a cavity-free structured, incoherently
pumped RFL. Our investigations may pave a new way to
understand the fundamental physics underlying lasing from
multiple scattering in one-dimensional disordered amplifying
media, using an incoherently pumped RFL as the experimental
platform.

2. EXPERIMENTAL SETUP AND RESULTS

A. Experimental Setup and Operating Principle
The proposed principle of the incoherently pumped self-pulsed
RFL operation is depicted in Fig. 1. In brief, the RFL is pri-
marily composed of a piece of 3.05 km long passive fiber
(G.652, 8.2 μm core diameter, and 0.14 numerical aperture),
with a total transmission loss of about 3 dB for pump light that
is fused with one wavelength division multiplexer (WDM) for
1070/1120 nm. The end facets of passive fiber and pigtailed
fiber of WDM are cleaved with angles of 8° and reflectivities
of about 10−6 level to suppress the Fresnel reflections and en-
sure that the feedback is only provided by the distributed
Rayleigh scattering in the passive fiber. The pump light we em-
ployed is an incoherent ASE source centered at 1063 nm, with
a full width at half maximum (FWHM) linewidth of about
16 nm and unique little temporal fluctuation feature (more
details can be found in Ref. [32]). The pump wave is injected
into the passive fiber through the 1070 nm port of the WDM
with an insertion loss of about 0.4 dB. It is well known that
incident photons propagating in the long passive fiber can be
backscattered by the random refractive index, inhomogeneity-
induced weak RS and amplified by the SRS in this cavity-free
RFL. Simultaneously, the acoustic field generated as a result
of electrostriction can induce moving and stochastic density
grating, which is defined as an SBS process [33,34]. Then,
frequency downshifted photons owing to the Doppler effect
will be stimulated with temporal transient characteristics.
Consequently, a self-pulsed random laser can be achieved with
the participation of the SBS effect.

Figures 2(a) and 2(b) illustrate the evolutions of output
power and spectrum with the boosting of pump level, which
clearly demonstrate the threshold behavior. Below the random

lasing threshold (about 6.11 W), most of the pump light is
untransformed and transmitted to the forward direction, and
the power of spontaneous Raman emission can be neglected,
as plotted in Fig. 2(a). The spontaneous Raman emission spec-
trum is presented in Fig. 2(b), corresponding to an FWHM
linewidth of about 12.54 nm. With the enhancing of pump
power over threshold, random intense spikes localized around
the Raman gain profile maxima (1120 nm) can be observed,
which has a contrast of ∼30 dB against the spontaneous
Raman emission pedestal. Simultaneously, due to the typical
Schawlow–Townes spectral narrowing effect of random distrib-
uted feedback fiber lasers near the lasing threshold [9], the
FWHM linewidth of the output spectrum dramatically de-
creases to an average value of 0.03 nm. Higher pumping results
in the nonlinear increasing of output random laser power. With
ultimate 21.29 W pump power employed (limited by the
pump source), maximal output powers of 8.14 and 3.44 W
can be obtained for the backward and forward first-order
Stokes light, respectively. The backward first-order Stokes light
power is significantly higher than that of forward output, which
can be explained as follows. First, due to the higher pump
power distribution near the backward output port, the Raman
gain for the Stokes light is higher. Second, despite the fact that

Fig. 1. Operating principle and output characteristics of the inco-
herently pumped random fiber laser (not to scale).

Fig. 2. Output characteristics of the incoherently pumped random
fiber laser. (a) Output powers of first-order Stokes light and residual
pump light as functions of pump power. (b) Typical spectra of the
backward first-order Stokes light at different pump levels. The spectra
are recorded with a resolution of 0.02 nm. (c) FWHM linewidth of
backward spectral envelope as a function of injected pump power. The
circles indicate the average FWHM linewidth of 20 measurements.
The corresponding error bars mark the variation range of FWHM
linewidth at fixed pump level.
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Stokes light can be generated and amplified in both forward
and backward directions, the forward Brillouin scattering in
optical fiber is very weak, and hence the energy conversion
from the pump light to the backscattered wave is more efficient
[34]. As to the output spectrum, a broadband spectral envelope
can be observed with mass characteristic spectral spikes even
under the maximal operation power; the separations between
spectral spikes are ∼0.06 nm, as expected for Stokes shifted
SBS in 1 μm range [23]. Additionally, anti-Stokes components
shorter than 1120 nm are also generated through the four-
wave-mixing effect [35]. Furthermore, the spectral envelope
varies from time to time with random spectral peaks and
envelope linewidth, which can be attributed to the typical sto-
chastic spectral behavior of the SBS effect [36], as the composed
spectral peaks mainly originate from SBS scattering. To char-
acterize the fluctuation of spectral envelope quantitatively, we
depict the minimum, maximum, and mean values of 20 mea-
surements in Fig. 2(c). Generally speaking, obvious spectral
envelope broadening can be observed in the power-scaling pro-
cess for nonlinear effects such as high-order SBS generation,
self-phase modulation (SPM), and cross-phase modulation
(XPM) [9]. Additionally, the statistical mean value of the

FWHM linewidth evolves to a stable value of about 14 nm
with the enhancement of pump power over 12.65 W.

B. Observation of Rogue Wave Behavior
As we know, pulsation operation can be obtained as the SBS
factor can switch the Q value of RFL [29,37] and exist in
the power boosting process. The evidence and evolution of
the SBS effect will be given in the following with the aid
of radiofrequency measurement at corresponding operation
powers. To analyze the temporal characteristics of output
pulsed random lasers, we employ a high-speed photodetector
(45 GHz bandwidth) and a 16 GHz real-time oscilloscope with
100 MPts/channel capacity allowing us to record time series
up to 32 ms with a 320 ps/point resolution. The typical tem-
poral trace of the output random laser around threshold is re-
corded and plotted in Fig. 3(a), in which a large set of pulse
clusters can be observed. The close-up view of the pulse bundle
with the highest amplitude is plotted in Fig. 3(b). Induced by
the intrinsic stochastic nature of the SBS effect, unstable pul-
sations are observed with random intervals, durations, and am-
plitudes. Furthermore, most of the pulses are so weak that
they are nearly buried beneath the noise floor; however, the

Fig. 3. Temporal characteristics and statistical features of output random laser. (a) and (b) Typical temporal trace of the output random laser
around threshold. (c) Histograms (log scale) showing the distribution of optical intensity maxima for 105 trace events. The peak intensities are
normalized by the corresponding SWH values. The vertical dashed lines indicate 2 × SWH and thus mark the limit for a pulse to be considered as an
optical RW. (d) Evolution of consecutive traces around optical RW events at threshold. (e) Pulse shapes of typical normal and optical RW events.

Research Article Vol. 8, No. 1 / January 2020 / Photonics Research 3



largest pulses can reach intensities about 20 times that of the
lowest ones.

To check whether the RWs are generated or not in this
self-pulsed RFL, we measured and recorded the peak amplitude
of the shot-to-shot nanosecond pulse and added it to a histo-
gram. The measurement and recording are similar to those in
Ref. [38] and were automatically repeated at a rate of about
2 × 105 trace samples per hour. Figure 3(c) presents the statis-
tical distribution histograms recorded for the peak amplitudes
of 105 consecutive traces corresponding to different pump lev-
els. Additionally, the vertical dashed line indicates a peak am-
plitude twice the significant wave height (SWH, defined as the
mean height of the highest third of events [39]) of each mea-
surement, and denotes the calculated amplitude from which
events are considered RWs. It should be noted that the peak
amplitudes, shown as the horizontal axis of Fig. 3(c), are nor-
malized by corresponding SWHs to investigate the proportion
evolution of RW in the power boosting more conveniently. The
heavy-tailed histograms display numerous events, with peak
amplitudes more than twice the SWH, thus revealing the gen-
eration of RW behavior in this self-pulsed RFL.

Unlike the intensity fluctuations following a Gaussian prob-
ability distribution of a laser above threshold, the output ran-
dom laser of this incoherently pumped RFL is featured with
long-tailed distribution for the intrinsic stochastic nature of
the SBS process, as it is well-known that a nonlinear transfer
function (e.g., SBS process) can modify the probability distri-
bution of an input light [39]. Furthermore, around the thresh-
old, the highest recorded peak amplitudes can reach intensity
about 5 times that of the corresponding SWH, and the emer-
gence proportion of RW events is about 4.1%. As the pump
power increases, the RW events can always be observed, even
at maximal power level. However, the peak amplitude and gen-
eration probability decrease to stable values of ∼3 times that of
SWH and 0.35%, respectively. These decrements may be in-
duced by the denser nanosecond pulses and associated higher
SWH value. To show the trend of RW event generation in this
self-pulsed RFL at 6.16 W pump level, the shot pulse evolution
over 1000 consecutive traces and typical enlarged view around
RW events are depicted in Fig. 3(d). First, due to the stochastic
nature of SBS, the recorded traces suffer from shot-to-shot per-
turbations. Thus, there are rare high-amplitude traces with
peak intensities higher than twice the SWH, which are also
generated unpredictably and disappear with a transient state.
Indeed, these agree well with the criteria of RW behavior
[38,40]. The typical pulse shapes of normal and RW events,
illustrated by Fig. 3(e), also indicate the high fluctuation and
multiplicity of pulse duration and amplitude of RW events.
Furthermore, the pulse width of the observed RW event (sev-
eral nanoseconds to tens of nanoseconds) is much shorter than
the transmitted time (μs range) in the passive fiber. Hence, we
can infer that the observed RW events are fast RW [17,18].

The long-term power stabilities of output lasers and injected
pump light, as depicted in Fig. 4, are measured by power meters
with 1 s/point resolution and half-hour recorded length. First,
contrasted with the unstable nanosecond pulsations with RW
characteristics induced by the intrinsic stochastic nature
of the SBS effect, the average powers of output lasers indicate

good long-term power stabilities, which may benefit from the
employment of an ultra-stable ASE source as the pump light
[32]. This situation is somewhat similar to the classical physical
problem in which long-term average properties of the system
are determined by the random behavior of a huge number of
waves [41]. Furthermore, the measurements indicate that the
intensity fluctuations of the output random laser are not corre-
lated with fluctuation of the pump light in the long-term range.
In a way, the power stability of the generated random laser is
superior to that of the employed pump light. Generally speak-
ing, this incoherently pumped self-pulsed RFL exhibits good
long-term average power stabilities at quasi-hour scale and giant
pulse behaviors, with RW characteristics at nanosecond scale
simultaneously.

C. Radio Frequency Evolution of Self-Pulsed RFL
To investigate the self-pulsed operation dynamics and confirm
the generation of the SBS effect, we measure the radio fre-
quency (RF) evolution of the output random laser, as depicted
in Fig. 5. From the lasing threshold to the maximal pump level,
a well-pronounced beating peak near 15 GHz, which coincides
with the Brillouin frequency shift (ΔνB � 2nνa∕λ, where n, νa,
and λ are respectively the refractive index, velocity of acoustic
wave, and pump wavelength of the SBS process) of the laser
around 1120 nm in the passive fiber [23,34] can always be
measured clearly, indicating the presence of SBS effect in the
power boosting process. Additionally, Fig. 5(b) shows enlarged
views around the 15 GHz characteristic peak. The mutation
in the noise floor trace is induced by the electrical signal
amplifier of the RF analyzer. At the lasing threshold, indepen-
dent peaks can be observed with >30 dB signal-to-noise ratio
(SNR) for the highest signal. However, with the scaling of
pump power to 7.05 W, the RF spectroscopy develops more
components at new frequencies, which is similar to that in
Ref. [42], and evolves to a quasi-cw shape with little fluctua-
tions. In the boosting of pump power from 7.05 W to the
maximal 21.29 W, the gain magnification of the low-frequency
section (lower than ∼15 GHz) in the RF spectrum is superior
to that of the high-frequency section with respect to the cas-
caded SBS-generated long-wavelength components and corre-
sponding lower RF frequency (as indicated by the formula
before). At the maximum pump level, the 10 dB width of the
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broadband RF spectral envelope is about 285 MHz (14.725 to
15.110 GHz), corresponding to the wavelength from 1142.91
to 1113.79 nm. This RF spectroscopy measurement coincides
well with the former optical spectrum test plotted in Fig. 2(b).

Additionally, we investigate the RF spectrum evolution
around the characteristic frequency corresponding to the
SBS effect from mass independent peaks to quasi-cw spectral
envelope, as charted in Figs. 5(c) and 5(d), and find the coex-
istence states of these two typical RF spectra. The amplitudes of
the quasi-cw spectral pedestal and signal peak increase and de-
crease gradually and inversely with the enhancing of pump
power from threshold to 7.05W. Additionally and surprisingly,
specific fine structures with frequency interval of about 36 kHz
can be found around the lasing threshold, as displayed in
Fig. 5(d). As the previous investigations had indicated that the
RFL can present rich kinetics around the lasing threshold
[7,43], and the localization mechanism can induce a localized
ordered operation state in disordered medium [44–47], this
fine structure may be another localization-dynamic-induced
threshold behavior in RFL. The conversion of RF spectrum
to quasi-cw spectral envelope may be explained as follows.
Despite the fact that only independent peaks are generated
at the lasing threshold, with the pump power scaling, multiple
nonlinear [28] interactions (such as four-wave-mixing and self-
phase and cross-phase modulations) and associated spectral
broadening can generate new wavelength components as the
pump light of SBS processes and bridges the gaps between the
independent peaks. As the characteristic RF peaks near 15 GHz
are relevant to the pump wavelength of the SBS process in the
passive fiber, indicated by the former Brillouin frequency shift

formula, the gap bridging of the pump spectrum can also
smooth the RF spectrum and induce the envelope. In hence,
with the aid of cascaded SBS process and multiple
nonlinear effects, the mass independent peaks at the lasing
threshold can evolve to the quasi-cw spectral envelope gradually
with the power scalability.

3. DISCUSSION

Note that the SBS effect had been observed in many RFLs
constructed by common passive fiber in past years [7,37].
Furthermore, the previous literature had indicated that with
SBS effect and the associated irregular giant pulses, spiky opti-
cal spectrum could be suppressed with the scalability of pump
power overcoming the lasing threshold [7,28,30] (e.g., about
25% higher than lasing threshold in Ref. [7]). This was attrib-
uted to the pump laser intensity fluctuation-induced phase
fluctuations and corresponding optical spectral broadening
via the cross-phase modulation process [7,28,30]. Nevertheless,
in this RFL pumped by an incoherent ASE source with an
FWHM linewidth as broad as about 16 nm, the SBS factor
was sustained from the lasing threshold to even the maximal
pump level (21.29 W), which is about 2.5 times higher than
the threshold. The most probable reason for this is the use of
ASE source with high temporal stability [32] as a pump source.
This compact high-power RFL with RW characteristics can
provide a pulsed light source for many applications, such as
supercontinuum generation. Furthermore, apart from the iden-
tification of stochastic pulses with large pulse-to-pulse intensity
fluctuations and associated spiky spectrum, the previous

Fig. 5. RF spectra of output random laser. (a) Long-span RF spectra (measured with a resolution of 1 kHz). (b) RF spectral envelopes corre-
sponding to SBS effect (recorded with a resolution of 10 Hz). (c) Evolution of spectra from mass independent peaks to quasi-cw envelopes (measured
with a resolution of 1 Hz). (d) Enlarged view of selected RF peaks around the lasing threshold.
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investigations did not reveal any RW behavior in such SBS-as-
sisted self-Q-switched RFL platforms [7,29,37]. Here, the tem-
poral statistics measurement shows the RW characteristics of
this self-pulsed RFL for the first time to our knowledge. The
RW events can also be observed even at maximal pump power,
with peak amplitudes of about 3 times the corresponding SWH
value. However, we cannot simulate the self-pulsing operation
regime involving cooperative RS–SRS–SBS processes in this
RFL presently, due to the enormous computation induced
by the complex interactions between different components, rel-
atively long (kilometer-level) passive fiber, and transient nano-
second-level pulse duration demanding precise time steps. This
will be our next goal.

4. SUMMARY

In conclusion, we have shown an incoherently pumped RFL
with optical RW behavior induced by the intrinsic stochastic
nature of the SBS effect under even maximal pump power
(about 2.5 times higher than the lasing threshold). This is
the first presentation of optical RW characteristic in RFL, to
the best of our knowledge, and our investigation could pave
a new way to reveal the fundamental physical dynamics under-
lying the operation and performance of random lasers in dis-
ordered media. Further statistical and analytical studies are
necessary to characterize the remarkably challenging complex
phenomena in this RFL, involving cascaded nonlinear inter-
actions such as RS–SRS–SBS cooperative processes.
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