Random distributed feedback Raman fiber laser
with polarized pumping
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Abstract: In this paper, the polarization properties of random fiber laser operating via Raman gain and
random distributed feedback owing to Rayleigh scattering is investigated for the first time. Using
polarized pump, the partially polarized generation is obtained with a generation spectrum exhibiting
descrete narrow spectral features contrary to the smooth spectrum observed for the unpolarized pump.
The threshold, output power, degree of polarization (DOP) and the state of polarization (SOP) of the lasing
can be significantly influenced by the SOP of the pump. Fine narrow spectral components are also sensitive
to the SOP of the pump wave. Furthermore, we found that random lasing’s longitudinal power distribution
is different in the case of polarized and unpolarized pumpoing that results in considerable reduction of the
generation slope efficiency for the polarized radiation. Our results indicates that polarization effects plays
an important role in the performance of the random fiber laser. This work improves the understanding of
the physics of random lasing in fibers and makes a step forward towards the establishment of the vector

model of random fiber lasers.
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1 Introduction

Random laser (RL) refers to a new kind of lasers
where the feedback is provided by randomly
distributed scattering centers in a gain medium
[1]. RL has been demonstrated in a wide range of
random mediums, emission wavelengths, and
scattering regimes [2-5]. Meanwhile, a number
of potential applications of random lasers have
been reported, including biomedical imaging,
distributed amplification, remote sensing and
display technology [6-11].

As an important type of RLs, random fiber
laser via Raman gain and Rayleigh scattering
along single mode fiber (SMF) as the random
distributed feedback has been demonstrated
since 2010[12,13]. Various aspects of RFL have
been studied in recent years. RFL has
demonstrated to be tunable[14],
multi-wavelength[15-18], narrow bandwidth[19],
cascaded operation to generate high order
Stokes  wave[20-23] and high  output
power[24,25]..

However, up till now, there are still a lot of
open questions regarding the physics of random
lasing in fibers. One of the important laser
characteristics is the polarization characteristic.

The emission polarization of RL has been
investigated in several random mediums, such
as two-dimensional rod array [26], organic dye
solutions [27,28] and dye-doped nematic liquid
crystal (NLC) system [29]. In the conventional
Raman fiber laser, the Raman gain is highly
depended on the polarization [30]. It is also
found that the dynamical behavior of the laser is
depended on the states of polarization of the
Stokes and pump fields and the fiber type
(standard  single-mode  fiber or  the
polarization-maintaining fiber) [31]. Referring
to the RFL, since the simulated Raman
scattering (SRS), simulated Brillouin scattering
(SBS) and four-wave-mixing (FWM) in fiber
are highly dependent on polarization, the
polarization properties of random lasing
emission in such one-dimensional medium are
important. However, in the previous work, the
polarization properties of RFL have not been
explored yet.

In this paper, we focus on the RFL via
Raman gain and Rayleigh feedback, and study
its polarization properties utilizing polarized
pump and non-polarization-maintaining fiber. It
is found that the random lasing shows the



unique narrow spectral features with the
polarized pumping. And the lasing threshold, the
lasing spectral shape, the output lasing power,
the state of polarization (SOP) and degree of
polarization (DOP) of the lasing all vary
substantially with SOP of the pump. Moreover,
with the polarized pumping, due to the different
average gain coefficient for forward and
backward Stokes waves, the random lasing’s
power distribution is changed and the slope
efficiency of pump side output is significantly
reduced comparing to the depolarized pumping.

2 Experimental setup

The experimental setup is depicted in Fig. 1.
Utilizing Stokes description, the Stokes
parameters of a light are given by

§=(80:51>52:55) and the DOP of the light is

SP+8I+S;

DoP=Y21"22 % 00,
defined by So . The 1365nm
pump is a depolarized fiber laser source whose
degree of polarization (DOP) is measured as
~5%. To investigate the polarization properties
of the random fiber laser, we insert a polarizer to
make the 1365nm pump polarized. The
polarization controller (PC) is used to adjust the
state of polarization (SOP) of 1365nm pump
before injecting into the 50km SMF. The
1455nm random lasing towards the pump side is
extracted from the 1365/1455nm WDM and
split the 1/99 coupler, and the 1% output is
further split by the 50/50 coupler. The output
ports A, B and C are used for monitoring output
power, optical spectrum and output polarization
properties simultaneously. We also measure the
laser output properties at the far end of 50km
SMF (Port D). It should be noted that all the
fiber ends are angle-cleaved. We also checked
the reflectivity of the angle-cleaved fiber end
usesd in experiment is in the range of 107 to
107.
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Fig.1. Experimental setup for RFL with polarized pump.

3 Results and discussions

Firstly, we fix a PC state and increase the pump
power to excite the 1455nm random lasing. The
spectra evolution (observed at port B) with the
pump power (the actual power launched into the
fiber) is shown in Fig. 2. When the pump power
is below the threshold, only the broad Raman
gain curve exists. Then some discrete peaks
appear in the broadband spontaneous spectrum
when pump power is beyond 1.2W. When the
pump power is increased to 1.27W, a narrow
peak stimulated and its intensity increases
rapidly. And further increase the pump power,
there are more sharp peaks in the spectrum.

It should be noted that the spectra evolution
of random lasing with polarized pump is quite
different from the previous case with
depolarized pump [10].The chaos regime which
has many random spikes on the spectrum has
not been observed. Moreover, the stable
spectrum has several discrete narrow peaks.
These narrow spectral components are new
observations in the field of random fiber lasers.
In the previous works with the depolarized
pumping, the stable spectrum is always smooth.

The only realization of a random fiber laser
with a fine-structure spectrum was reported in
[Vatnik, 1. D., Churkin, D. V., Babin, S. A. &
Turitsyn, S. K. Cascaded random distributed
feedback Raman fiber laser operating at 1.2 pm.
Opt. Express 19, 18486-94 (2011).], yet the
nature of the structures was left unconsidered,
and might be due to specific scheme employing
pump laser inside the random cavity.

I 12w
30 [ 124W
T 12TW
[l 14T W

Power(dBm)
y
[=]

o]
o

-60 r - '
1430 1440 1450 1460 1470 1480

Wavelength(nm)
Fig. 2. Spectra evolution with polarized pump.

Furthermore, when we rotate the PC and
thus change the SOP of injected pump, the
random lasing’s spectrum, output power and the



degree of polarization (DOP) all change pump can alter the threshold and the excited
drastically. Fig.3 and Fig.4 show the spectra state of random lasing. Fig.3(b) shows the SOP
(record at port B), output power, DOP and SOP of the generated light wave, the three points on
(record at port C) under different PC states at the Poincare sphere corresponding to the three
pump power 1.3W and 1.47W, respectively. aforementioned spectrum states in Fig.3(a).
From Fig.3(a), we can clearly see the SOP of
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Fig. 3. Random lasing’s properties under different PC states with 1.3W pump power. (a) spectra, output power and
DOP of the random lasing (b) SOP of the output random lasing
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(b)

Fig. 4. Random lasing’s properties under different PC states with 1.47W pump power. (a) spectra, output power and
DOP of the random lasing (b) SOP of the random lasing

When the random lasing is stimulated, the SOP
of the output lasing is converged to a stable
point on the Poincare sphere and also change
with the SOP of the pump. In Fig.4, the pump
power is well above the threshold in all SOP
state of the pump, the random lasing is all
stimulated with the different pump SOP, the PC
state can change the lasing spectrum’s shape,
with the different narrow spectral features. The
result can also indicate polarization plays an
important role in formation of these narrow
spectral components. Besides, the output power,
DOP and SOP also vary substantially with the
PC.

Since the output lasing power is varying
with PC state, we adjust the PC state and record
the output lasing powers at both the pump
outputs of the laser: near the pump wave
coupling point (port A) and at far end of the
fiber (port D, through the WDM) in the case of
high pump side output DOP(~85%) and low
pump side output DOP(~35%), respectively. In
both cases, with various pump powers, the DOP
varies less than 10%. The results are shown in
Fig.5 and Fig. 6. As a comparison, the output
power vs pump power curve is also measured
when the polarizer is removed (Fig.7). The
thresholds for high DOP case and low DOP case
are 1.2W and 1.3W, respectively, which are all
lower than the threshold (1.5W) with
depolarized pump. In the case of depolarized
pump, since the power of random lasing mainly
towards the pump side, the output power
achieved at the pump side is very high and has a
slope efficiency more than 60%; Meanwhile, the
output power from the fiber far-end is quite low
and increases very slowly with the pump power,

resulting in the power difference between the
pump side and far-end increasing from 6.5dB to
10dB. However, when the pump is polarized,
the pump side’s slope efficiency is much lower
(less than 30%). But it should be noted that the
power difference between the pump side and
far-end is also relatively low and kept nearly as
a constant (~3dB). Therefore, it can be inferred
that with the polarized pumping, the random
lasing’s power distribution is changed and more
power is gathered in the interior of fiber. The
power distribution difference between polarized
and depolarized pump can be explained as
follows: The Raman gain coefficient is highly
dependent on the SOP of the pump and the
Stokes wave, the Raman gain for the
copolarized pump and Stokes waves is about
two times larger than that for depolarized pump.
Using the polarized pumping, the random low
birefringence in single mode fiber will result in
discrepancy between the gain coefficients of the
forward and the backward Stokes wave, as the
forward Stokes wave has the polarization
evolution almost the same as the pump wave,
and the backward Stokes wave changes the
relative polarization rapidly and thus the gain
coefficient of backward Stokes wave decreases
[32]. As the result, by changing the average gain
coefficient for forward and backward Stokes
waves (gr and g;) correspondingly, we can
qualitatively study the impact of polarization
evolution on lasing power properties.
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where lower indexes ‘0°, ‘1’ correspond to the
pump, the 1st-order lasing, respectively. Lower
indexes ‘+’ and ‘-’ denote the forward and
backward waves, respectively. Py, denotes the
optical power, fo; is the wave frequency. I’
denotes the population of phonon, where Afj=
0.25THz is the lasing bandwidth, 7" ( = 298K) is
the absolute temperature and Kz is the
Boltzmann’s constant, / is the Plank’s constant,
ao,1 is the fiber loss, gz, is the Raman gain
coefficients for forward and backward Stokes
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Fig. 7 output power vs pump power (without polarizer)
The modified steady-state power balance
model can be written as [33]:
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Under the condition of depolarized pumping,
the gain coefficient grand g; should be the same
(0.50). However, when the pump is polarized, as
discussed before, g, should be larger than g; and
the grand g; also vary with the SOP of the pump.
As an example, we choose g, =0.54, gr = 0.65
and Fig.8 shows the lasing power distribution in
this case. It is found that due to the higher gain
coefficient for forward Stokes wave, more lasing
power is distributed toward the far end of the
fiber and meanwhile the output power at pump
side is lower than that with depolarized pumping.
To be consistent with the experimental data in
Fig.4-6, we modify the gr and g, to account for
the impact of polarization evolution and add the
tiny parasitic reflection on the fiber end
(Ri=Rp=2X10"). Table I[ gives the values of
gr and g, for three cases in the numerical
simulation. With the polarized pumping, the
lasing threshold will decrease and the slope
efficiency of backward output lasing will
significantly reduce. Also, the different SOP of
the pump resulting in the differences of lasing
power properties, including lasing threshold,
output power and slope efficiency. But it should
be noted that, under the polarized pumping, the
linearity of the measured pump side output
power vs pump power is not very good. It is




mainly because the DOP fluctuation when the
pump power increases (see the insert in Fig.5
and Fig.6), the DOP value varies from 80% to
90% in the high pump side DOP case and varies
from 20% to 30% in the low pump side DOP
case. The different DOP value of the different
pump power can have the influence on the
Raman gain value. However, in the simulation,
the Raman gain is treated as an invariant in each
case.
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Fig.8 Power distribution with the polarized and
depolarized pumping
TABLE 1[I
The values of grand g, for three cases.
Ty 1 = P
g (W km') | gp (W km)
Depolarized 0.50 0.50
pumping
High DOP 0.69 0.53
Low DOP 0.62 0.51

4 Conclusions

In conclusion, we have studied the polarization
properties of random fiber laser via Raman gain
and Rayleigh feedback utilizing polarized pump.
The generated random lasing is partially
polarized, the SOP of the output lasing is kept as
a stable point on the Poincare sphere. The
random lasing’ spectrum shows the discrete narrow
spectral features with the polarized pumping.
Also, the lasing threshold, lasing spectral shape,
output power, SOP and DOP all vary
substantially with different SOP of pumping.
The measured output power at the pump side
and fiber far-end indicate that, with the
polarized pumping, due to the different average
gain coefficient for forward and backward
Stokes waves, the random lasing’s power
distribution is changed and the slope efficiency
of pump side output is significantly reduced

comparing to the depolarized pumping.
Furthermore, considering the dependence of
Raman gain on the polarization, we use the
modified power balance model by changing the
gain factor of forward and backward Stokes
waves to qualitatively study the impact of
polarization evolution on lasing power
properties. The numerical results can explain the
experimental results to some extent. We believe
that our work has improved the understanding of
the polarization optics of random lasing in fibers
and formed a base to establish the vector model
of random fiber lasers.
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