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Temporal intensity fluctuation is one of the inherent features of fiber lasers. When utilizing the fiber lasers to
pump a random Raman fiber laser (RRFL), the intensity fluctuation transfer from the pump to the random lasing
could affect the output performance significantly. In this paper, we comprehensively compared the spectral, tem-
poral, and power characteristics of an RRFL pumped by two different fiber lasers—a temporally unstable fiber
oscillator and a temporally stable amplified spontaneous emission (ASE) source. Owing to less impact of the
intensity fluctuation transfer, the ASE source-pumped RRFL shows ∼45.3% higher maximum output power,
higher spectral purity (>99.9%) and optical signal-to-noise ratio (>40 dB), weaker spectral broadening, and more
stable temporal behavior compared to the fiber oscillator-pumped RRFL. Furthermore, based on the temporal-
spatial-coupled Raman equations and the generalized nonlinear Schrödinger equations, we numerically revealed
the impact of the pump intensity fluctuations on the output characteristics of RRFLs, and found that the temporal
walk-off effect played an important role in the dynamics of intensity fluctuation transfer. This work may provide a
reference for designing and implementing high-performance RRFLs and promote their practicability in sensing,
telecommunications, and high-power applications. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.445432

1. INTRODUCTION

By employing Rayleigh backscattering in long passive fibers to
provide random distributed feedback (RDFB), random Raman
fiber lasers (RRFLs) can operate without point-based reflectors
and are easy to implement [1,2]. As a new branch of Raman
fiber lasers (RFLs), RRFLs have inherited the merits such as
wavelength flexibility, high power scalability, and excellent
beam quality [3,4]. Besides, the RDFB mechanism brings
about the mode-free characteristic [5] and distinctive statistical
properties [6–8], which makes the RRFLs quite interesting and
excellent platforms for scientific research and practical applica-
tion [9–13].

Since the first demonstration in 2010 [1], RRFLs have
attracted widespread attention [2,12,13], and obtaining high-
performance RRFLs has always been researchers’ goal and
aspiration. The passive fiber and the pump source are two
key components that can be optimized to improve the laser
performance. For example, to realize high-power RRFLs, the
passive fiber is optimized to be shorter [14], with a larger core
and a lower numerical aperture (NA), to suppress high-order
stimulated Raman scattering (SRS) and four-wave mixing as-
sisted SRS effect [15,16]. In order to obtain special operating

wavelengths with fewer orders of Raman conversion, the com-
monly used telecom fibers are replaced by phosphosilicate fi-
bers, which have a Raman gain peak at the frequency shift
of ∼39.8 THz (about 3 times as high as that of the telecom
fibers) [17,18]. Most of the previously reported RRFLs are
pumped by rear-earth-doped fiber oscillators or Raman fiber
oscillators [19,20]; although relative intensity-noise (RIN)
transfer in RRFLs was studied as early as 2012 [21], our ap-
proach combines for the first time experiment and full model-
ing to offer a complete picture of the role of these fluctuations
on the output characteristics of an RRFL.

Recent investigations have proven that the temporal charac-
teristics of pump sources can be transmitted to RRFLs; the
optimization of pump sources is therefore deemed necessary
[22,23]. The amplified spontaneous emission (ASE) source,
which has higher temporal stability than fiber oscillators, began
to be used as the pump source [24–28]. The high temporal
stability of the ASE source has significantly improved the out-
put performance of RRFLs, particularly the spectral purity of
generated random lasing. For example, with the pumping of
the 1 μm ASE source, the maximum spectral purity of the
1st-order Stokes wave can even exceed 99.9% [26], and that
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of the 8th-order Stokes wave at 1.7 μm can also reach as high as
∼98.3% [27]. Incidentally, the pumping of the ASE source has
not only improved the output performance of RRFLs but also
benefited conventional RFLs [29] and Raman fiber amplifiers
[30,31]. Indeed, the transfer of pump intensity fluctuations in
Raman fiber amplifiers [32,33] and supercontinuum sources
[34,35] has been well explored, in which the dispersive
walk-off effect and the nonlinear effects such as cross-phase
modulation (XPM) and modulation instability play important
roles in the dynamics. In RRFLs, however, the impact of the
pump source on the output characteristics has not been com-
prehensively clarified, especially the influence of the intensity
fluctuation transfer. Besides, the underlying dynamics have not
been revealed in theoretical simulations.

In this paper, with the pumping of two different fiber
lasers—a temporally unstable fiber oscillator and a temporally
stable ASE source, we experimentally compared the spectral,
temporal, and power characteristics of an RRFL in detail.
Based on the temporal-spatial-coupled cascaded Raman equa-
tions, we numerically investigated the transfer of the pump
intensity fluctuations as a function of fluctuation amplitude
and frequency. We also analyzed the influences of the walk-
off parameter and fiber length on the intensity fluctuation
transfer. Furthermore, using the generalized nonlinear
Schrödinger equations (GNLSEs), we simulated the temporal,
spectral, and power characteristics of an RRFL pumped by an
ASE source and a fiber oscillator. We believe this work can help
understand the impact of pump intensity fluctuations on the
output characteristics of RRFLs and provide a reference for the
design and implementation of high-performance RRFLs.

2. EXPERIMENTAL SETUP

The experimental setup is described in Fig. 1(a). The RRFL has
a forward-pumped half-open cavity, in which a narrowband
ASE source and a fiber oscillator are employed as the pump
source separately. The ASE source and the fiber oscillator op-
erate at ∼1067.4 nm, and the maximal output powers reach
more than 20 W. The pump light is injected through the signal
port (1070 nm) of a wavelength division multiplexer (WDM),
and the tap port (1120 nm) of the WDM is spliced with a fiber
Bragg grating (FBG) operating at 1120 nm. The FBG has
a reflectivity of 55% and a 3-dB reflection bandwidth of
0.4 nm. Considering the splice loss and the insertion loss of
the WDM, the effective reflectivity of the FBG is estimated
to be 40%. The common port of the WDM is followed by
a 2-km-long G.652.D passive fiber, which features a core diam-
eter of 8.2 μm, a cladding diameter of 125 μm, and a numerical
aperture (NA) of 0.14. In addition, all the end facets are cleaved
at an angle of 8° to suppress undesired reflection.

Figure 1(b) displays the temporal profiles of the fiber oscil-
lator and the ASE source at their maximum output powers.
The measurement unit includes a photodetector (5 GHz
bandwidth, rise time <70 ps) and an oscilloscope (1 GHz
bandwidth, 5 GS/s sampling rate). The mean value of tem-
poral intensities is normalized to 1 for ease of comparison.
Apparently, the fiber oscillator has stronger temporal fluctua-
tions than the ASE source. The normalized standard deviation
(STD) and peak-to-valley (P-V) value of the temporal fluctua-
tions of the fiber oscillator are 5.2% and 41.8%, respectively.
In comparison, the corresponding values of the ASE source are

Fig. 1. (a) Schematic of the experimental setup. ASE, amplified spontaneous emission; WDM, wavelength division multiplexer; FBG, fiber Bragg
grating; RDFB, random distributed feedback. (b) Normalized temporal profiles of the fiber oscillator and the ASE source. Radio frequency (RF)
spectra of (c) the fiber oscillator and (d) the ASE source. Inset of (c) shows a zoom-in around the fundamental repetition rate of the fiber oscillator.
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only 1.3% and 12.9%. The radio frequency (RF) spectrum of
the fiber oscillator is presented in Fig. 1(c), which shows a fun-
damental repetition rate of 13.2 MHz (see the inset), and a
comb of the harmonic frequencies over the whole range of
1 GHz. The fundamental repetition rate exactly corresponds
to the cavity length of the fiber oscillator, indicating that there
are self-mode locking pulses in the temporal behavior [36].
Figure 1(d) shows the RF spectrum of the ASE source, which
has no characteristic frequency except for some environmental
noises.

3. EXPERIMENTAL RESULTS

A. Spectral Characteristics of the RRFL
The spectral evolutions of the RRFL pumped by the fiber os-
cillator and the ASE source are, respectively, shown in Figs. 2(a)
and 2(b). The three insets at the bottom present the output
spectrum below the threshold, near the threshold, and well
above the threshold, while the two insets at the top, respec-
tively, display the output spectrum at the maximum output
power and well above the 2nd-order threshold. There is a
big difference in the output spectra near the threshold. The
fiber oscillator-pumped RRFL shows a narrow and weak peak
at 1120 nm, while the ASE source-pumped counterpart has a
very spiky output spectrum; even the 2nd-order Stokes wave
can be observed. With the further increase of pump power,
the spiky output spectrum gradually becomes stabilized and
the 2nd-order Stokes wave disappears. This phenomenon could

be attributed to the cascaded stimulated Brillouin scattering
(SBS) process [1,37].

The maximum optical signal-to-noise ratio (OSNR, the in-
tensity difference between the 1st-order Stokes wave and the
residual pump light) also differs greatly. As shown in Fig. 2(c),
with the pumping of the fiber oscillator, the maximum OSNR
of the output spectrum is ∼20.9 dB, while with the pumping
of the ASE source, the maximum OSNR reaches as high as
∼40.8 dB. Different pumping also has an impact on the spec-
tral purity (power-in-band ratio) of generated random lasing.
For example, the maximum spectral purity with the pumping
of the fiber oscillator is ∼98.7%, while that with the pumping
of the ASE source exceeds 99.9%. Furthermore, there are
also some differences in linewidth evolution. Figures 2(d) and
2(e), respectively, illustrate the full width at half-maximum
(FWHM) linewidth and 10-dB linewidth as functions of pump
power. Owing to the cascaded SBS effect, the RRFL pumped
by the ASE source shows a relatively broad spectrum near the
threshold. The FWHM linewidth and the 10-dB linewidth,
respectively, reach 0.39 and 3.72 nm with 4.9 W pump power.
With the increase of the pump power, the output spectrum
becomes stabilized and the linewidth narrows. With the pump
power higher than 6.5 W, the spectral linewidth gradually
broadens. In comparison, the output spectrum of the fiber-
oscillator-pumped RRFL shows a monotonic broadening.
Besides, the spectral broadening with the pumping of the fiber
oscillator is stronger, and the spectral linewidths are broader
with the same pump power. The spectral evolutions show that

Fig. 2. Spectral evolution of the RRFL pumped by (a) the fiber oscillator and (b) the ASE source. Legends indicate the injected pump powers.
(c) Spectral purity, (d) FWHM linewidth, and (e) 10-dB linewidth of the 1st-order Stokes wave as functions of pump power.

620 Vol. 10, No. 3 / March 2022 / Photonics Research Research Article



a temporally stable pump source can improve the maximum
OSNR and spectral purity and suppress the spectral broadening
of RRFLs.

B. Temporal and Power Characteristics of the RRFL
We also compared the temporal and power characteristics of
the RRFL. Figure 3(a) displays the power evolutions of the
1st- and 2nd-order Stokes waves. The threshold pump power
with the pumping of the fiber oscillator is ∼3.3 W, while that
with the pumping of the ASE source increases to ∼4.9 W. The
maximum output power of the fiber-oscillator-pumped RRFL
is ∼5.3 W, while the ASE-source-pumped RRFL shows a
maximum power of ∼7.7 W, which is ∼45.3% higher than
that pumped by the fiber oscillator. The power evolution in-
dicates that a temporally stable pump source can suppress
the high-order SRS effect and significantly improve the maxi-
mum output power of RRFLs.

The temporal profiles of the 1st-order Stokes wave with the
maximum output powers are plotted in Fig. 3(b). Obviously,
the temporal fluctuations of the fiber-oscillator-pumped RRFL
are much stronger; the normalized STD and the P-V value
of intensity fluctuations are 4.9% and 50.5%, respectively.
In comparison, the corresponding values with the pumping
of the ASE source decrease to 1.5% and 14.4%. The contrast
in the temporal profiles indicates that the temporal fluctuations
have been transferred from the pump source to the RRFL
[22,24]. The RF spectra can further prove this conclusion,
as presented in Fig. 3(c). The RF spectrum of generated ran-
dom lasing is nearly identical to that of the pump source [see
Figs. 1(c) and 1(d)]. The self-mode locking characteristic of the
fiber oscillator has transmitted to the RRFL, which explains the

strong temporal fluctuations of the generated random lasing in
that case.

4. THEORETICAL ANALYSIS

A. Role of Fluctuation Amplitude and Temporal Walk-
off Effect
The experimental results described above have shown the im-
pact of pump intensity fluctuations on the output performance
of RRFLs. However, the underlying physical mechanism has
not been revealed. The transfer of pump intensity fluctuations
seems critical, but the affecting factors have not been figured
out. Therefore, we first carried out the simulation based on the
temporal-spatial-coupled cascaded Raman equations and tried
to qualitatively explain the role of fluctuation amplitude, fre-
quency, and the temporal walk-off effect.

For a forward-pumped RRFL, the temporal-spatial-coupled
cascaded Raman equations can be written as [5,38]

dP�
0

dz
� 1

vg0

dP�
0

dt
� −α0P�

0 −
λ1
λ0
gR1�P�
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0 ,

(1)
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1
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1 , (2)

dP�
2
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� 1

vg2

dP�
2
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� �gR2�P�
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2 � 2hν2Δν2B2�
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�
2 � α2P�

2 , (3)

Bj � 1� 1

exp
h
h�νj−1−νj�

kBT

i
− 1

�j � 1, 2�, (4)

where the subscripts 0, 1, and 2, respectively, denote the pump
wave, the 1st-order Stokes wave, and the 2nd-order Stokes
wave. P represents the power as a function of time t and posi-
tion z. The superscripts � and − stand for the forward and
backward direction, respectively. vg denotes the group velocity
in the fiber core. α is the attenuation coefficient, and ε is the
Rayleigh backscattering coefficient. λ stands for the optical
wavelength, ν is the wave frequency, and Δν is the effective
bandwidth. gR represents the Raman gain coefficient. B is
the population of photons which introduce the noise from
spontaneous Raman scattering. In addition, h is the Planck
constant, kB is the Boltzmann constant, and T represents
the fiber temperature.

The boundary conditions are given by

P�
0 �z � 0, t� � Pin�t�, (5)

P�
1,2�z � 0, t� � RL1,2P−

1,2�z � 0, t�, (6)

P−
1,2�z � L, t� � RR1,2P�

1,2�z � L, t�, (7)

Fig. 3. (a) Output powers of the 1st-order Stokes wave (circles) and
the 2nd-order Stokes wave (squares). (b) Temporal profiles and (c) cor-
responding RF spectra of the 1st-order Stokes wave at the maximum
output powers. Blue lines (points) and red lines (points), respectively,
indicate the results pumped by the fiber oscillator and ASE source.
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where P in represents the input pump power, L is the fiber
length, and RL1, 2 and RR1, 2 stand for the reflectivity of the left
and the right end, respectively. The parameter values used in
the numerical simulations are listed in Table 1.

To investigate the impact of the pump fluctuation ampli-
tude and frequency on the intensity fluctuation transfer, we
have simplified the input pump power as a sine function of
time t. We hope this method can provide a qualitative view
of the underlying physical mechanism. Under this simplifica-
tion, the input power can be written as [39]

Pin�t� � Pavg � Af sin�2πf t − π∕2�, (8)

where Pavg denotes the average pump power, Af stands for
the fluctuation amplitude, and f represents the fluctuation
frequency. Figures 4(a) and 4(b) show the longitudinal power
distributions with different pump fluctuation amplitudes. The
average pump power Pavg is fixed at 15 W, and the fluctuation
frequency is assumed to be 10 MHz. The fluctuation ampli-
tude for Figs. 4(a) and 4(b) is set to 2 and 5 W, respectively.
The snapshot of the longitudinal power distributions proves
that the temporal fluctuation characteristic has been transferred
from the pump source to the RRFL. With the pump fluc-
tuation amplitude of 2 W [Fig. 4(a)], the average output power
of the 1st-order Stokes wave reaches 7.76 W, with a fluctuation
amplitude of 0.98 W. The residual pump power and the
2nd-order Stokes power are close to 0. In comparison, when
the pump fluctuation amplitude increases to 5 W [Fig. 4(b)],
the average output power of the 1st-order Stokes wave drops
down to 6.95 W, but the fluctuation amplitude increases to
1.97 W. Moreover, the 2nd-order Stokes wave grows signifi-
cantly near the fiber end; its average output power reaches
0.67 W. Additionally, the residual pump power is still close
to 0, but it is ∼7 times that with the pump fluctuation ampli-
tude of 2 W.

Figure 4(c) illustrates the temporal fluctuation amplitude of
the 1st-order Stokes wave versus that of the pump wave. For
ease of comparison, we introduce the normalized fluctuation
amplitude (NFA), which is defined as Af ∕Pavg. The NFA
of the generated random lasing monotonically increases with
that of the pump source, indicating that a temporally unstable

Fig. 4. Snapshot of longitudinal power distributions with the pump fluctuation amplitude of (a) 2 W and (b) 5 W. (c) Normalized fluctuation
amplitude (NFA) of the 1st-order Stokes wave as a function of the pump NFA. (d) Spectral purity dependence on the pump NFA. Note that the
pump fluctuation frequency for (a)–(d) is fixed at 10 MHz. Output temporal behaviors with different pump fluctuation frequencies of (e) 10 MHz,
(f ) 100 MHz, and (g) 1 GHz. (h) RIN transfer with and without temporal walk-off effect. The total pump power is 10 W, and the fiber length is
2 km. RIN transfer dependence on (i) walk-off parameter and (f ) fiber length.

Table 1. Parameter Values in the Simulation (Part I)

Parameter Symbol Value

Attenuation coefficient α0, α1, α2 3.00 × 10−4 m−1,
2.94 × 10−4 m−1,
2.88 × 10−4 m−1

Bandwidth Δν1,Δν2 0.25 THz
Wavelength λ0, λ1, λ2 1067, 1120, 1178 nm
Left reflectivity RL1,RL2 0.4 × 10−5, 4 × 10−5
Right reflectivity RR1,RR2 4 × 10−5
Group velocity vg0, vg1, vg2 2.0421 × 108 m∕s,

2.0427 × 108 m∕s,
2.0432 × 108 m∕s

Raman gain coefficient gR1, gR2 0.64, 0.61 W−1∕km
Rayleigh backscattering
coefficient

ε0, ε1, ε2 0.51 × 10−6 m−1,
0.50 × 10−6 m−1,
0.49 × 10−6 m−1
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pump source could generate a temporally unstable RRFL. We
also investigate the effect of pump fluctuation amplitude on the
spectral purities (power-in-band ratios). As shown in Fig. 4(d),
when the pump source’s NFA increases from 0.13 to 0.25, the
spectral purity of the 1st-order Stokes wave drops from 99.96%
to 99.65%, and the proportions of the residual pump wave
and the 2nd-order Stokes wave show only a slight increase.
However, when the pump source’s NFA further increases from
0.25 to 0.5, the spectral purity of the 1st-order Stokes wave
decreases linearly to ∼70.8%, while the proportions of the
residual pump wave and the 2nd-order Stokes wave, respec-
tively, increase to ∼0.5% and ∼28.7%. The above results mani-
fest that under the same average pump power, a stronger pump
intensity fluctuation could degrade the spectral purity of the
desired random lasing (the 1st-order Stokes wave), resulting in
more residual pump power and the early onset of the 2nd-order
Stokes wave.

The above simulations are under the pump fluctuation fre-
quency of 10 MHz, so another question is how the pump fluc-
tuation frequency influences the output performance of RRFL.
Figures 4(e), 4(f ), and 4(g) plot the output temporal behaviors
with different pump fluctuation frequencies of 10 MHz,
100 MHz, and 1 GHz, respectively. The average input pump
power is 15 W, and the pump fluctuation amplitude is fixed at
2 W. When the pump fluctuation frequency increases from 10
to 100 MHz, the average output power of the 1st-order Stokes
wave was almost unchanged, but the fluctuation amplitude
slightly drops from 0.98 to 0.78 W. When the pump fluc-
tuation frequency further increases to 1 GHz, the fluctuation
amplitude of the 1st-order Stokes wave shows a significant
decrease to 0.18 W, indicating that the transfer of the pump
intensity fluctuations weakens sharply at a certain frequency
[21,40]. In other words, there exists a cut-off frequency for
the transfer of the pump intensity fluctuations.

The transfer of the pump intensity fluctuations weakened at
high frequencies could be attributed to the temporal walk-off
effect. This effect occurs due to the mismatch of group veloc-
ities [41]. Here we introduce the walk-off parameter d 01, which
is defined as 1∕vg0 − 1∕vg1. For the pump wave at 1067.4 nm
and the 1st-order Stokes wave at 1120 nm, the walk-off param-
eter is ∼1.6 ps=m, meaning that the temporal walk-off between
the pump wave and the 1st-order Stokes wave reaches 1.6 ps
with 1-m-long propagation. To further figure out the role of
the fluctuation frequency on the transfer of the pump intensity
fluctuations, we numerically calculated the RIN transfer func-
tion [40]. As shown in Fig. 4(h), the cut-off frequency is located
near 300 MHz (red line), which agrees well with the approxi-
mation 1∕�d 01 × L� � 312.5 MHz. In comparison, if we
neglect the temporal walk-off effect, there will be no cut-off
frequency (blue-dashed line). So we can conclude that the
RRFLs are mainly influenced by the pump intensity fluctua-
tions’ low-frequency components (lower than the cut-off fre-
quency), and the cut-off frequency is determined by the
temporal walk-off effect.

The question further becomes, what could influence the
temporal walk-off effect. Apparently, it is the walk-off param-
eter and fiber length. Figure 4(i) presents the RIN transfer
dependence on the walk-off parameter; note that the fiber

length is fixed at 2 km. When the walk-off parameter increases
from 0.5 to 2.5 ps/m, the cut-off frequency decreases from
1 GHz to 200 MHz. Besides, the cut-off frequency dependence
on the walk-off parameter can also be well approximated by
1∕�d 01 × L� (the white-dashed line). This result means that
the higher the walk-off parameter, the lower the cut-off fre-
quency, and the less impact of pump intensity fluctuations
on the RRFL. This conclusion is quite beneficial to large-
frequency-shift RRFLs [17,18]. For example, for the phospho-
silicate RRFL using a 1064-nm pump wave to generate a
1240-nm signal wave, the walk-off parameter reaches
3.3 ps/m. Thus, the corresponding cut-off frequency will de-
crease to ∼150 MHz, indicating that the large-frequency-shift
RRFL has an excellent filtering effect on the pump intensity
fluctuations.

Figure 4(j) shows the RIN transfer dependence on the fiber
length, in which the walk-off parameter is fixed at 1.6 ps/m. It
is seen that a longer fiber length will result in a lower cut-off
frequency, meaning that the longer-cavity RRFLs have a better
filtering effect on the pump intensity fluctuations. However,
the approximation of cut-off frequency 1∕�d 01 × L� (the white-
dashed line) does not agree well with the numerical simulations
with relatively long fiber lengths, since the random lasing is
always generated at the posterior segment of the passive fiber
and the effective length will be shorter than the total fiber
length. It is worth noting that in very long fibers, the effective
length is determined by the attenuation coefficient [2]; thus,
further increasing the fiber length will have little impact on
the cut-off frequency. Furthermore, for high-power RRFLs,
the fiber lengths are very small, and the cut-off frequency even
reaches the 10 GHz level for a 100-m-long fiber length. This
result indicates that the pump intensity fluctuations will signifi-
cantly influence the high-power short-cavity RRFLs. A tempo-
rally stable pump source is extremely important to high-power,
high-spectral-purity RRFLs.

B. Simulations Based on GNLSEs
The above simulations have provided a qualitative view of the
impact of the pump intensity fluctuations on RRFLs. However,
one cannot obtain the spectral and temporal characteristics of
the RRFLs with different pump sources, as the cascaded Raman
equations concern only the power evolutions. In this section,
we further numerically investigated the spectral and temporal
characteristics of the RRFL using the GNLSEs.

Neglecting the interaction between the pump wave and the
2nd-order Stokes wave, the GNLSEs for a forward-pumped
RRFL can be written as [6,41]
∂A0

∂z
� −d 01

∂A0

∂t
−
i
2
β2p

∂2A0

∂t2
� iγ0�jA0j2 � �2 − f R�jA�

1 j2	A0
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Research Article Vol. 10, No. 3 / March 2022 / Photonics Research 623



∂A−
1

∂z
� −

i
2
β2s

∂2A−
1

∂t2
� iγ1�jA−

1j2 � �2 − f R�jA−
2j2	A−

1 −
α1
2
A−
1

� gR1
2

hjA0j2iA−
1 �

ε1
2
A�
1 −

gR2λ2
2λ1

�jA−
2j2 � hjA�

2 j2i�A−
1,

(11)

∂A�
2

∂z
�−

i
2
β2h

∂2A�
2

∂t2
� iγ2�jA�

2 j2��2−f R�jA�
1 j2	A�

2 −
α2
2
A�
2

�ε2
2
A−
2�d 12

∂A�
2

∂t
� gR2

2
�jA�

1 j2�hjA−
1j2i�A�

2 , (12)

∂A−
2

∂z
� −

i
2
β2h

∂2A−
2

∂t2
� iγ2�jA−

2j2 � �2 − f R�jA−
1j2	A−

2 −
α2
2
A−
2

� ε2
2
A�
2 � d 12

∂A−
2

∂t
� gR2

2
�jA−

1j2 � hjA�
1 j2i�A−

2, (13)

where A is the optical field envelope, β2p, β2s, and β2h, respec-
tively, denote the 2nd-order dispersion coefficient of the
pump wave, the 1st-order Stokes wave, and the 2nd-order
Stokes wave. γ stands for the Kerr nonlinearity coefficient. f R
represents the fractional contribution of the delayed Raman
response, which is estimated to be 0.18. Other symbols have
the same meanings as those in the previous section. The boun-
dary conditions have the following form:

A0�0, t� � Ain, (14)

Ã�
1,2�0,ω� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RL1,2�ω�

p
Ã−
1,2�0,ω�, (15)

Ã−
1,2�L,ω� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RR1,2�ω�

p
Ã�
1,2�L,ω�, (16)

where Ã�z,ω� represents the complex field in the frequency
domain. R�ω� is the reflective spectrum of the cavity end.

To simulate the influence of the pump intensity fluctuations
on the output performance of RRFLs, it is critical to model the
input pump waves. The most promising model is to simulate
the actual laser oscillation using the set of coupled NLSEs
and rate equations. However, this method is extremely time-
consuming and is sensitive to boundary conditions [42,43].
Therefore, here we treat the input pump wave as a sum of
Fourier components [44]:

Ain �
X
m

X̂ m exp�imΔωt�, (17)

where the Fourier modes X̂ m � jX̂ mj exp�iφ1�ωm�	 are com-
plex variables, and the phases φ1 are considered as partially
correlated [45]:

φ1�ωm� � �1 − q� × φ0�ωm� � q × φ1�ωm−1�, (18)

in which q is the correlation coefficient, and φ0 is the random
phase uniformly distributed between 0 and 2π. In addition, the
power spectrum of the pump field is assumed to be Gaussian
with an FWHM linewidth of ΩL [46]:

jÃin�ω�j2 � n0 exp

�
−4 ln�2� ω

2

Ω2
L

�
: (19)

The new parameters’ values are provided in Table 2. In ad-
dition, the correlation coefficient q for the ASE source and
the fiber oscillator is set to 0 and 0.12, respectively [47].

The spectral FWHM linewidth of the fiber oscillator is 0.4 nm,
while that of the ASE source is 2 nm. More importantly, the
effective Raman gain coefficients are dependent on the pump
fluctuation amplitude [see Figs. 4(a) and 4(b)]. The effective
Raman gain coefficient with the pumping of a temporally un-
stable source seems much higher. In our case, the effective
Raman gain coefficients gR1 and gR2 with the pumping of the
fiber oscillator are estimated to be 1.05 and 0.89 W−1∕km
through fitting the experimental power evolutions.

Figure 5(a) plots the simulated power evolutions with the
pumping of the fiber oscillator and ASE source. As can be seen,
compared to the fiber-oscillator-pumped RRFL, the 1st-order
threshold of the ASE-source-pumped RRFL is 69% higher, the
2nd-order threshold is 56% higher, and the maximum power
of the 1st-order Stokes wave is 43% higher. Therefore, a tem-
porally stable pump source is of great value to high-power
RRFLs. By fixing the pump power at 8 W, we compared the
longitudinal power distributions for the pumping of the fiber
oscillator and ASE source. As shown in Fig. 5(b), the power
distribution differs greatly. Owing to the higher effective
Raman gain coefficient caused by strong pump intensity fluc-
tuations, the 1st-order Stokes wave with the fiber oscillator
pumping grows faster, and the power reaches the maximum
at ∼1200 m. While with ASE source pumping, the 1st-order
Stokes wave grows to the maximum at the fiber end.

The simulated optical spectra of the 1st-order Stokes wave
are shown in Fig. 5(c), and the experimental output spectra are
provided in Fig. 5(d) for comparison. The simulated output
spectra agree well with the experimental results. With the same
pump power of 8 W, the output spectrum with the fiber os-
cillator pumping is significantly broader than that with the ASE
source pumping. For example, the simulated FWHM line-
width and 10-dB linewidth with the fiber oscillator pumping
are 0.56 and 1.48 nm, respectively, while with the ASE source
pumping, the corresponding spectral linewidths decrease to
0.44 and 1.02 nm. The spectral broadening is attributed to
the self-phase modulation (SPM) effect [6,48]. Moreover,
we have verified that the cross-phase modulation (XPM) be-
tween the pump wave and the 1st-order Stokes wave can
be neglected. As the nonlinear length is much longer than
the walk-off length, the XPM effect has no contribution to
the spectral broadening [41].

Two factors lead to the difference in spectral broadening.
One is the action length of the SPM effect; the other is the
peak power (or the temporal fluctuation amplitude). As shown
in Fig. 5(b), because of the higher effective Raman gain
coefficient caused by strong pump intensity fluctuations, the
1st-order Stokes wave with the fiber oscillator pumping grows
faster. Therefore, the action length of the SPM effect is much

Table 2. Parameter Values in the Simulation (Part II)

Parameter Symbol Value

2nd-order dispersion
coefficient

β2p, β2s , β2h 19.3, 15.1, 10.7 ps2∕km

Kerr nonlinearity
coefficient

γ0, γ1, γ2 2.39, 2.28, 2.17 W−1∕km

Walk-off parameter d 01, d 12 1.60, 1.08 ps/m
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longer than that with ASE source pumping. Besides, the strong
pump intensity fluctuations of the fiber oscillator can be trans-
mitted to the RRFL, such as the self-mode locking with a rep-
etition rate of ∼13.2 MHz [shown in Fig. 1(c)]. Thus, the high
peak powers can also be transferred from the pump source to
the RRFL, which could enhance the SPM effect as well as the
spectral broadening. Figure 5(e) shows the simulated temporal
behaviors of the 1st-order Stokes wave at the output, which
proves that the fiber oscillator-pumped RRFL has stronger tem-
poral fluctuations than the ASE source-pumped counterpart.
In addition, the simulated temporal profiles vary dramatically
with the experimental results [see Fig. 3(b)]; this difference may
be attributed to the limited bandwidths of the device and
equipment used in the temporal measurement [49].

5. DISCUSSION

The pump fluctuation transfer in RRFLs differs greatly from
that in rare-earth-doped random fiber lasers, and previous re-
ports have confirmed that the fluctuations of pump sources are
not correlated to that of the rare-earth-doped random fiber la-
sers [7]. In our opinion, the gain mechanism should be respon-
sible for the difference. In RRFLs, the pump wave can directly
interact with the random lasing through the SRS effect; thus,
the pump intensity fluctuations can be transmitted to the gen-
erated random lasing. As the Raman response function shows
a vibrational structure in the order of 100 fs, for a temporal

fluctuation >1 ps, the SRS can be regarded as an instantaneous
process [50]; while in rare-earth-doped random fiber lasers, the
pump wave interacts with the active ions and affects the pop-
ulation inversion. As we know, the lifetime of the laser upper
level is in the scale of milliseconds; thus, the fast fluctuations of
the pump intensity could barely be transmitted to the popu-
lation inversion. Or in other words, the pump intensity can
be regarded as a constant in the temporal resolution of milli-
seconds. Therefore, the statistical properties of the rare-earth-
doped random fiber lasers are related only to their operating
status (e.g., below the threshold, near the threshold, and well
above the threshold), instead of being correlated to the fluctu-
ations of pump sources.

Here we would like to discuss further the impact of the
pump intensity fluctuations on the output characteristics of
the RRFL. As we know, the temporal fluctuations of the pump
source could be transmitted to the RRFLs through the SRS
process. On the one hand, the strong pump intensity fluctua-
tions will increase the effective Raman gain coefficient, further
influencing the longitudinal power distributions and the output
power evolutions. On the other hand, the strong pump inten-
sity fluctuations will affect the temporal behaviors of the gen-
erated random lasing, resulting in high fluctuation amplitude
and high peak powers. Fortunately, the transfer of the pump
intensity fluctuations is not an all-pass transmission in the fre-
quency domain. Instead, a low-pass filtering effect exists due to
the temporal walk-off effect between the pump wave and the
random lasing.

Furthermore, the longitudinal power distributions and the
temporal fluctuations of the random lasing will affect its own
spectral broadening through the SPM effect. Thus, the fiber-
oscillator-pumped RRFL shows a more pronounced spectral
broadening. Additionally, we must point out that we have ne-
glected the XPM effect here, since the nonlinear length is much
longer than the walk-off length in our case. However, if the
walk-off effect becomes weak or the operating power increases
to a certain level, the nonlinear length would be comparable to
the walk-off length; then the XPM would contribute to the
spectral broadening.

Regulating the transfer of pump intensity fluctuations in
RRFLs is critical to sensing, telecommunication, and high-
power applications. For example, the sensing and telecommu-
nication applications usually require light sources with a high
spectral OSNR and superior RIN property. Employing a tem-
porally stable pump source (such as the ASE source) or enhanc-
ing the walk-off effect may help realize high-performance
RRFLs. On the one hand, employing a temporally stable pump
source can suppress the transfer of temporal fluctuations from
the root; on the other hand, enhancing the walk-off effect can
narrow the frequency range of the intensity fluctuation transfer.
The most straightforward way to enhance the walk-off effect is
to increase the walk-off parameter, for example, using a high
dispersion fiber or increasing the wavelength interval between
the pump source and generated random lasing. Another way to
enhance the walk-off effect is increasing the fiber length.
However, this method plays a limited role, since the effective
length is determined by the attenuation coefficient in very long
fibers. For example, the commonly used SMF-28 fiber has an

Fig. 5. Comparison of the output characteristics with the pumping
of fiber oscillator and ASE source. (a) Simulated power evolutions and
(b) longitudinal power distributions. (c) Simulated and (d) experimen-
tal output spectrum of the 1st-order Stokes wave. The central wave-
length is 1120 nm. (e) Simulated temporal profiles of the 1st-order
Stokes wave. The pump power for (b)–(e) is fixed at 8 W.
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effective length of ∼20 km in the 1.5 μm range [2]; thus, the
corresponding cut-off frequency is estimated to be ∼30 MHz.
In our experiment, the fiber oscillator shows a fundamental
characteristic frequency of 13.2 MHz, which is within the
cut-off frequency range, so the temporal fluctuations (such
as the self-mode locking pulses) can be transferred from the
fiber oscillator to the RRFLs. Therefore, a temporally stable
pump source can benefit the ultralong RRFLs. In addition,
the high-power RRFLs require short cavities to suppress the
high-order SRS effect; increasing the fiber length seems not
practical. Therefore, using a temporally stable pump source
is particularly important in that case.

6. CONCLUSION

In summary, we experimentally and numerically investigated
how the transfer of the pump intensity fluctuations influences
the spectral, temporal, and power characteristics of an RRFL.
For the power characteristic, strong pump intensity fluctua-
tions could increase the effective Raman gain coefficient and
result in the early onset of the 1st- and 2nd-order Stokes waves,
further decreasing the maximum power of the 1st-order ran-
dom lasing. For the spectral characteristic, strong pump inten-
sity fluctuations could lead to more residual pump power,
further limiting the improvement of maximum spectral purity
and the OSNR. Particularly, we found that the stronger spectral
broadening with fiber oscillator pumping can be attributed to
the enhanced SPM effect, while the broad longitudinal power
distribution and high peak powers of the 1st-order Stokes wave
are responsible for enhancing the SPM effect. For the temporal
characteristic, strong pump intensity fluctuations can be trans-
mitted to the generated random lasing and result in an unstable
temporal behavior. Fortunately, due to the temporal walk-off
effect between the pump wave and the random lasing, there
exists a low-pass filtering effect on the intensity fluctuation
transfer. Moreover, we can regulate the walk-off effect (and the
frequency range of intensity fluctuation transfer) through fiber
dispersion and fiber length.

Owing to the transfer of pump intensity fluctuations and the
influence of the temporal walk-off effect, the temporally stable
ASE source-pumped RRFL shows ∼45.3% higher maximum
output power, higher spectral purity (>99.9%) and OSNR
(>40 dB), weaker spectral broadening, and more stable temporal
behavior compared to the temporally unstable fiber oscillator-
pumped RRFL. We believe this work can help understand the
impact of pump intensity fluctuations on the output character-
istics of RRFLs, provide a reference for designing and implement-
ing high-performance RRFLs, and promote their practicability
in sensing, telecommunications, and high-power applications.
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