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Abstract—In this paper, we proposed a novel approach to
realize low-threshold, high-efficiency 1.5 pm random fiber laser
by taking advantage of hybrid Erbium-Raman gain. The
numerical model is established to optimize the proposed
Erbium-Raman random fiber laser, revealing the route to
generate high-efficiency random lasing. The experiment is
conducted to verify the concept, in which the threshold of 1.55 pm
random lasing has been reduced to 75 mW and its optical
conversion efficiency has reached record high (65.5%). This
simple and efficient random fiber laser could provide a platform
for development of novel 1.5 pm light sources for diverse
applications where stable random lasing output with
high-efficiency is essential.

Index Terms—Random lasers, fiber lasers, Erbium-doped gain,
Raman gain, Rayleigh scattering

I. INTRODUCTION

INCE its first demonstration in 2010, random fiber laser

(RFL) based on the random Rayleigh feedback has been

widely studied [1,2]. This simple system can intrinsically
provide the stable lasing and good directionality, making it a
promising light source for optical communication [3,4],
imaging [5-7] and high power applications [8-10]. In recent
works, RFLs have been tailored to be multi-wavelength [11,12],
widely tunable [13], narrow bandwidth [14, 15], polarized
output [16, 17], high efficiency and high output power [18-20].
Besides, RFLs have been designed to generate pulsed output by
means of internal modulation [21, 22], Q-switching [23] and
graphene-based external modulation [24].

As for the efficiency performance, random Raman fiber
laser (RRFL) has been explored to have the ability of
high-efficiency generation [10, 18-20]. Short-cavity-based
RRFLs have been theoretically predicted and then
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experimentally demonstrated to generate ultra-high optical
conversion efficiency that even approaching quantum limit
[10,16,17,19]. However, the RRFLs have relatively high
thresholds (at least watt level), especially with the short cavity
length [8,10,16,20]. Therefore, the operating wavelengths of
the aforementioned high-efficiency RRFLs focus on the 1.1 um
regime, due to the availability of high power laser as the pump
source[8,10,16,18-20]. On the other hand, 1.5 pum lasers are
highly demanded as light sources to be used in optical
communication & sensing, LIDAR, medical research, etc., as
they lie in the fiber lowest-loss and eye-safe region. However,
the reported optical conversion efficiency of the RRFL at
1.5um is less than 45% (with 3.5 W pump power) due to the
lack of commercial high power pump source at 1.45 um [12].

An alternative way to generate the 1.5 um RFL is by utilizing
the active fiber, such as Erbium-doped fiber (EDF) [25-28].
However, till now, the way to generate high efficiency random
lasing with the active fiber has not been reported either
theoretically or experimentally. In ref. 25, a long single mode
fiber (SMF) is connected after the EDF to provide sufficient
Rayleigh feedback, with the forward-pumped half-opened
cavity design and high efficiency gain of the EDF, the threshold
of this Erbium-doped RFL is as low as 13 mW. However, the
loss introduced in the long SMF will lower the laser efficiency,
resulting in the low slope efficiency (less than 15%) in these
configurations [25-27]. Also, the reported RFL by utilizing
hybrid Erbium-Raman gain with the open cavity design [28]
suffers from the low efficiency problem (the optical conversion
efficiency is less than 10%), and two pumps are used to pump
the EDF and SMF respectively, which will increase system’s
complexity and cost.

Here, in this paper, we propose and make a comprehensive
analysis on a novel Erbium-Raman RFL (ERRFL) with a single
1455 nm pump, featuring both the low threshold and high
efficiency. The 1455 nm pump can provide the Raman gain in
the SMF and erbium-doped gain in EDF simultaneously, and
the cavity is elaborately designed to tailor the lasing power
distribution. Due to the high efficiency gain of EDF, the
required pump power for stimulating random lasing can be
significantly reduced. A segment of SMF is placed before EDF
so that the backward-propagated lasing can be efficiently
amplified along the SMF via the Raman gain, and finally
reaches its power maximum at the output end. With this
backward pumping scheme and the hybrid Erbium-Raman gain,
this novel ERRFL exhibits the threshold as low as 75 mW and
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the optical conversion efficiency as high as 65.5%, when the
pump power is 2 W. To the best of our knowledge, this is the
highest reported optical conversion efficiency of RFL operating
at 1.5 um. Recent research shows that the high power fiber
laser amplifier with a clear sign of spectral broadening-free
property can be achieved by utilizing the random fiber laser as
the seed [9]. Therefore, the achieved 1.5um random lasing also
has the potential to serve as the seed in cladding-pumped
Er-Yb-codoped high power fiber amplification systems.

Il. PRINCIPLE AND THE NUMERICAL MODELLING

To ensuring both the low threshold and high efficiency, the
laser cavity is elaborately designed to take advantage of the
hybrid gain and to tailor the power distribution [31]. The
proposed cavity design for generating low threshold, high
efficiency ERRFL is shown in Fig. 1. A 1455 nm pump is
launched into 10 km-long single mode fiber (SMF, Corning
SMF 28e+) through the 1455/1550 nm WDM (insert loss: 0.3
dB). The 1455 nm pump can provide Raman gain in the SMF
and also remotely pump the 12 m EDF (EDFC-980-HP, Nufern)
which is connected after the SMF. A FBG with the central
wavelength at about 1550 nm and the reflection of 95% is
spliced to the far-end of the EDF to form the
backward-pumping scheme for the random lasing. All the fiber
ends are angle cleaved to avoid the Fresnel reflection. The
output of the laser is at the 1550 nm port of the WDM, and an
isolator (insert loss: 0.2 dB) is used to further reduce the
influence of parasitic reflection on the laser performance.
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1455nm Pump 10km SMF

12m EDF

1550nm FaG

Iso OUTPUT "

Fig.1. Configuration of proposed ERRFL.WDM-wavelength-division
multiplexer with 1455 nm, 1550 nm and common ports; FBG- fiber Bragg
grating with central wavelength at 1550 nm and the reflection of 95%; 1SO-
isolator.

With the 1455 nm remote pump, The ASE light around 1550
nm can be stimulated in EDF. The reflected 1550 nm light by
the FBG will propagate backward to the SMF. The 1550 nm
light can experience the Raman gain and the random distributed
Rayleigh feedback in SMF. Therefore, in this way, by
combining the point-reflector and the random distributed
Rayleigh feedback, the 1550 nm random lasing can be
stimulated with the help of the erbium-Raman hybrid gain.
Moreover, in this configuration, the laser output is at the pump
end of the SMF and the 1550 nm light is mainly amplified near
the pump end of the fiber where the Raman gain is maximal.

Therefore, the ERRFL in this configuration can feature both the
low threshold and the high efficiency.

In order to make a more comprehensive analysis on the
power performance of the Er-Raman RFL, we established the
power balance model by considering both the EDF and the
Raman gain. In the SMF section, we use the equation (1)-(3) by
considering the Raman gain, fiber loss and the Rayleigh
backscattering.
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Subscripts ‘s’ and ‘p’ stand for 1550 nm light and 1455 nm
pump. Lower indexes‘+’ and ‘-’ denotes the forward and
backward waves, respectively. P denotes the optical power, f is
the wave frequency. I stands for the population of phonon,
where Af, = 0.1 THz is the lasing bandwidth, T (= 298K) is the
absolute temperature and kg is the Boltzmann’s constant, h is
the Plank’s constant, as, is the fiber loss, g is the Raman gain
coefficient, &, is the Rayleigh backscattering coefficient. The
parameters used in the SMF are summarized in Table I.

TABLE |
The parameters of SMF used in the model

Wavelength(nm) | e(dB/km) | g(km™) g(Wkm™)

1455 0.24 6x10° 0.44

1550 0.2 4.3x10° /

In the EDF section, we calculated the power evolution
through Giles model which is commonly used in erbium-doped
fiber laser and amplifiers [29].
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n, is the erbium ion population of the upper energy level,

and n, is the total erbium ion population of the ground state and
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the upper energy levels. v, 4v stand for the light frequency and
the noise bandwidth. { (=3.87x10"ms™) is the saturation
parameter, and I;,(= 0.01 dB/m) is the background loss. The
value of absorption coefficient o.* and gain coefficient g* is provided
by Nufern and summarized in Table I .

TABLE IT
The parameters of SMF used in the model
Wavelength(nm)  a*(m™) g* (m™)
1455 0.21 0.054
1550 0.68 0.988

In simulation, we set the SMF length as Z; and the EDF
length as L,. The total fiber length L=L;+L,. The boundary
conditions are as follows:P,f (0) = Py, ¥ (0) = R, (0) and
P, (L) = RgP; (L), where P;, denotes the pump power, and R,
Ry are the reflectivity at the left and right fiber end. In our
configuration, Ry is set to 0.95 and R; is set to 1x10°® by
considering the parasitic reflection in the experiment, which is
also the typical value in previous works [10,19].

To show the EDF section’s function to reduce the laser’s
threshold, we numerically calculate the lasing power
distributions just above the thresholds for the cases with and
without EDF, respectively, the results are shown in Fig. 2. For
the case with 12 m EDF (Fig. 2(a)), the 1455 nm pump is set at
0.1 W, which is slightly above the threshold. The propagated
1455 nm pump through the 10 km SMF would be absorbed in
EDF and provides efficient Erbium-doped gain for 1550 nm
light. Therefore, it can be seen that the power of backward 1550
nm random lasing boosts rapidly in the EDF section. As a
comparison, the power distribution near threshold for the case
without EDF is also calculated in Fig. 2 (b), the threshold for
this case is as high as 1.68 W. The power of generated random
lasing is mainly distributed in the region near the pump end of
the fiber where the maximal Raman gain is located. It is clearly
seen that the EDF section plays significant role in reducing
laser’s threshold.

Figure 3 shows the numerical calculated power distribution
of 1455 nm pump and 1550 nm lasing at 1 W pump power. The
insert in Fig. 3(b) shows the detailed lasing power distribution
within the EDF. The 1455 nm pump power decreases along the
10 km SMF and is further absorbed in the 12 m EDF. Due to the
high gain in the EDF and the reflection of FBG, the power of
backward 1550 nm random lasing can increase rapidly inside
the EDF and reach the value of 103 mW when enters into the
SMF. The backward lasing power can be further increased with
the assistance of Raman gain in the 10 km SMF, and finally the
laser power reaches its maximum at the output end of the SMF.
The power distribution manifests the high efficiency generation
because the backward-propagating 1550nm wave is sufficiently
amplified in the region near the output end where the Raman
gain is highest. In this way, the generated 1550nm photons near
the output end would experience less loss and thus enabling the
high efficiency operation.
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Fig.2. The calculated lasing power distributions just above the thresholds: (a)
with 12 m EDF, the 1455 nm pump is set at 0.1 W (b) without EDF, the 1455nm
pump issetat 1.7 W
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Fig.3. The power distribution calculated by the numerical simulation at 1 W of
pump power: (a) 1455 nm pump; (b) 1550 nm random lasing; Insert: the
detailed lasing power distribution within the EDF.

To make the optimization of this laser system, we
numerically investigate the influence of the length of SMF or
EDF on the laser performance. Fig. 4(a) shows the effect of the
SMF’s length when the EDF’s length is fixed to 12 m. When
the SMF is relatively short (1 km), the Raman amplification for
1550 nm light in SMF would be insufficient, thus significantly
reducing the slope efficiency. One the other hand, if the SMF is
too long (20 km or 30 km), the 1455 nm pump would
experience higher loss before entering the EDF, resulting in the
higher threshold. Fig. 4(b) shows the effect of the EDF’s length
when the SMF’s length is fixed to 10 km. With 5 m EDF, the
absorption of 1455 nm pump in the EDF is insufficient, and the
relatively low EDF gain will increase the threshold
significantly. With the reduction of threshold, the output power
increases continually when the EDF length increases from 5 m
to 12 m. Further increasing the EDF length to 15 m, the output
power is only slightly increased.
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Fig.4. The output power versus pump power curve calculated by the numerical
simulations with different fiber length: (a) the length of SMF is varied from 1
km to 30 km when the EDF’s length is fixed to 12 m;(b) the length of EDF is
varied from 5 m to 15 m when the SMF’s length is fixed to 10 km.

I1l. EXPERIMENTAL RESULTS AND DISCUSSIONS

According to the numerical calculations, we choose the
length of SMF as 10 km and the length of EDF as 12 m in our
experimental setup. Fig. 5 shows the output power of 1550 nm
random lasing versus the launched pump power (the pump
power measured after the WDM). The output power is
measured after the isolator with the compensation of the insert
loss of isolator and WDM (total insertion loss: 0.5 dB). Due to
the high gain coefficient of the EDF, the random laser’s
threshold is only 75 mW. After the pump power exceeds the
threshold, the output lasing power increases nonlinearly and the
slope efficiency (defined as dP,,./dPy,mp ) increases
continually at first. When the pump power exceeds 0.6 W, the
output power increases almost linearly with the pump power
(see the insert in Figure 5). With the linear fitting, the calculated
slope efficiency is as high as 80% when the pump power is in
the range of 0.6-2 W. As a result, the generated random lasing
is 1.31 W with 2 W of pump power, corresponding to the 65.5%
of optical conversion efficiency. To the best of our knowledge,
this is the highest achieved optical conversion efficiency of
RFL operating at 1.5 um. The 1660 nm Stokes component
induced by the 1.5 um random lasing has not been stimulated at
the maximum pump power, because for the 1660nm random
lasing, the cavity is fully open without any strong
point-reflector, the laser threshold with 10km SMF is much
higher than the generated 1.5 pm lasing power [2]. The solid
line corresponds to the numerically calculated output power,
the numerical results can make a good agreement with the
experimental results. We have measured the residual pump
power after the FBG is about 110 mW at 2 W pump power. It

should be noted that the quantum limit (y = 1,/4;) is about 93.8%

in this system, the obtained efficiency is lower than the ideal
value because of the insufficient absorption of the pump in EDF
section and the fiber loss for the generated 1550 nm photons.
The spectra evolution with the increase of pump power is
shown in Fig. 6. Fig. 6(a) shows that when pump power reaches
0.075 W, narrow spikes appear in the relatively narrow
spectrum range around 1550 nm, which suggests the generation
of random lasing. These narrow spectral components are
unstable because of the gain competition and the cooperative
Rayleigh-Brillouin scattering [30]. The peak power of the

spectrum increases but the spectrum is still unstable at 0.15 W
pump power. By further increasing the pump power to 0.74 W,
the spectrum becomes stabilized with a single peak localized at
1549.97 nm. The 3 dB bandwidth (BW) of the peak is only
about 0.1 nm at 0.74 W pump power, which is much less than
the 3 dB BW of the FBG (0.2 nm). Fig. 6(b) shows the spectra
variation when pump power increases from 1.07 W to 2 W. It
can be seen that the wings of the spectrum broaden continually.
We record the BW values after the spectrum has been stabilized.
The variations of the 3 dB and 20 dB BW with the pump power
are plotted in Fig. 6(c) and Fig.6(d), respectively. With the
pump power increases from 0.74 W to 2 W, the 3dB BW of
random lasing increases slowly from 0.1 nm to 0.19 nm, which
is still less than the bandwidth of FBG. However, the 20 dB
bandwidth of the laser spectrum increases continually in the
ERRFL, increases almost linearly from 1.3 nm to 4.3 nm when
pump power varies from 0.74 W to 2 W. The evolution of 3 dB
and 20 dB bandwidth with pump power could be attributed to
the complex nonlinear interactions such as four-wave mixing,
self-phase modulation (SPM) and cross-phase modulation
(XPM) [30] in this Erbium-Raman hybrid gain system. Indeed,
to fully understand this spectral behavior, the numerical model
accounting these nonlinear interactions needs to be built, which
is worth to be further investigated with extensive efforts. Fig.7
shows the spectral evolution of the residual 1455 nm pump. The
spectrum of residual pump also exhibits unstable spikes and
dips at relatively low pump power and is stable when pump
power increases to 0.74 W. Further increasing the pump power,
the residual pump’s spectrum broadens continually, the 3 dB
BW value increases from 0.9 nm to 1.9 nm when pump power
increases from 0.74 W to 2 W.
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Fig.7. Spectra of the residual pump at different pump power.

To validate the random lasing behavior in our experimental
scheme, we measure the radio frequency (RF) spectrum at 1.07
W pump power, which is shown in Fig. 8. It is clear that there is
no longitudinal mode beating corresponding to ¢/2nl = 10 kHz
spacing, which can validate the random lasing behavior.
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Fig.8. The RF spectrum measurements of output lasing.

IV. SUMMARY

In conclusion, we have proposed a new approach to realize 1.5
um RFL featuring both low-threshold and high-efficiency, by
utilizing  Erbium-Raman  hybrid gain and  the
backward-pumping scheme. The theoretical model is
established based on the power balance equations by
considering both the Raman and EDF gains. With the hybrid
gain, the threshold can be significantly reduced, and with the
backward-pumping, the random lasing power can reach its

record high in the 1.5 um regime, reaching 65.5% when pump
power is 2 W. With these features, this work provides an
effective way to generate watt-level 1.5 pm random lasing with
relatively low pump power. Moreover, the concept of using
hybrid gain is benefit to tailor the power distribution more
flexibly, which could inspire the new explorations to enhance
the performances of fiber lasers and amplifiers based on the
combinations of passive fibers and active fibers.
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