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Random distributed feedback fiber Raman lasers, where the feedback mechanism is provided by
Rayleigh backscattering, have attracted a good deal of attention since they were first introduced
in 2010. Their simple and flexible design, combined with good lasing efficiency and beam quality
properties, comparable to those of standard cavity lasers, have led to multiple applications, particularly
in the fields of fiber sensing and optical communications. In spite of these advances, the polarization
properties of random fiber Raman lasers, which can strongly affect their performance in both
sensing and communications, have barely been explored so far. In this article we experimentally and
theoretically study the polarization properties of different open-cavity laser designs, based on either
standard transmission fibers or low polarization-mode-dispersion spun fibers. By using high-power,
highly-polarized pumps, we demonstrate controllable polarization-pulling and simultaneous lasing at
close wavelengths with different output polarization properties in random distributed feedback fiber
Raman lasers. These results advance our understanding of the polarization dynamics in ultralong lasers,
and pave the way to the design of novel fiber laser sources capable of polarization-sensitive sensing and
distributed amplification.

Random lasing exploits the multiple scattering of photons in a disordered gain medium, a mechanism which may
provide a coherent light source without a traditional cavity'. Recently, random lasing was demonstrated in stand-
ard telecommunication optical fibers (SMFs)>?. At first, random lasing was obtained as the asymptotic operating
regime of extremely long cavity lasers*. Next, random laser configurations where developed involving arbitrary
lengths of fiber, by taking advantage of the distributed feedback mechanism provided by Rayleigh backscattering.
These random distributed feedback fiber lasers (RDFLs) offer narrow spectrum generation, quasi-CW operation,
and the same high beam quality as normally expected from a single-mode fiber laser. In addition, unlike other
kinds of random lasers, RDFLs also exhibit excellent pump energy conversion efficiencies, which are comparable
to those of conventional cavity lasers®'°. These qualities, coupled with their simple design, made RDFLs an excel-
lent solution for a large number of applications, ranging from the interrogation of remote and quasi-distributed
sensors, to distributed amplification in optical communication links, and in distributed sensing schemes.

In spite of all of this progress, quite remarkably the study of the polarization properties of RDFLs, and the
management of the evolution of the state of polarization (SOP) of light in these sources still remains as a pending
challenge. Effects such as polarization dependent gain (PDG) and polarization mode dispersion (PMD) pose
important limitations to the performance of next-generation transparent optical communication systems (which
rely on distributed amplification and nonlinearity mitigation). Additionally, PDG also sets important constraints
to the design of low-noise fiber lasers, since their PDG significantly contributes to relative intensity-noise (RIN)
fluctuations'!2. Finally, polarization control is critical for applications of these sources in some sensing tech-
niques®. In this context, polarization pulling through nonlinear effects has been demonstrated as a key ena-
bling technology to achieve polarization control in fiber optics photonic devices'*'8. Thanks to PDG, Raman
polarizers!® are devices capable of producing a highly polarized amplified output. In order to achieve efficient
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Figure 1. Schematic of the experimental setup for an open cavity laser. PC: Polarization controller. WDM:
Wavelength division multiplexer. FBG: Fiber Bragg grating. OSA: Optical spectrum analyzer. In Scheme A or 1,
with a single FBG at the pump input and, in Scheme B or 2 at the output end.

polarization pulling coupled with high gain, Raman polarizers require a highly polarized high-power pump,
and a sufficiently long span of low-PMD fiber. One of such fiber is the so-called “spun” optical fiber, which is
produced by quickly rotating (or oscillating) the fiber preform during fiber drawing. This results in the averaging
of fiber core non-uniformities, which effectively cancels out the total fiber birefringence. Therefore, the resulting
spun fiber exhibits a negligible value of the average PMD!>?’. The main advantage of spun low-birefringence
fibers is that, unlike traditional polarization-maintaining fibers, they preserve any light SOP, and not only linear
polarizations. In particular, spun fibers are able to maintain circular polarization states. Moreover, when fab-
ricated by using standard fiber preforms, spun fibers exhibit similar transmission characteristics (dispersion,
attenuation, nonlinearity) to corresponding transmission fibers, and can be potentially produced at a relatively
low cost. Thanks to their very low PMD values, spun fiber are particularly suited for implementing devices based
on polarization attraction, since they allow for improved polarization alignment between pump and signal, and
consequently lead to high Raman gain values.

The emission of a polarized output from a random laser was observed in a number of active media
Moreover, it is well-known that Raman gain in fibers is highly polarization dependent?, since perpendicular
SOPs for pump and signal result in negligible signal amplification. Consequently, the efficiency of RDFL can
be expected to be significantly improved by the possibility of imposing an appropriate polarization control.
Recently, different configurations were proposed to produce a highly polarized output from RDFLs. The first
attempt involved using a polarized pump in a 50-km long standard fiber cavity, and produced a partially polarized
output radiation®®, with a lasing threshold that was strongly dependent on the pump SOP. Subsequently, the use
of a polarization-maintaining (PM) fiber?® has led to a linearly polarized output, however with a relatively low
pumping efficiency. Finally, a PM-fiber based random laser””, pumped with linearly polarized light, was used
to demonstrate a linearly polarized output with a close-to-ultimate conversion efficiency, even in the case of
high-order random Raman lasing?®.

In this article we propose, theoretically analyze and experimentally prove a different approach to achieve
polarization control coupled with high conversion efficiency in RDFLs. Our method is based on the use of highly
polarized pumps in an open-cavity (single-grating) RDFL configuration, and the concept of efficient Raman
polarization pulling in a low-PMD fiber. We study the impact of PMD on overall RDFL performance and
intra-cavity polarization pulling, by comparing the bi-directional output from active cavities composed of either
SMF or a specially designed low-PMD, SMF-based, rapidly spun fiber. Furthermore, we present what is, to our
knowledge, the first demonstration of simultaneous random distributed feedback lasing from the same source
with different output polarization properties at different laser wavelengths. These results help advancing our
understanding of the polarization dynamics in ultralong fiber lasers, and pave the way to the design of novel fiber
laser sources with potential applications in areas such as polarization-sensitive sensing or polarization-selective
distributed amplification.

21-23

Results

Experimental setup. The schematic diagrams of the single-grating open cavity lasers that we designed for
our experiments are depicted in Fig. 1. In both cases, the pump source is a CW fiber laser source at 1366 nm, able
to produce up to 38 dBm. As it is expected in a fiber laser source, the output is naturally depolarized, exhibiting
a degree of polarization (DOP) of less than 10%. A polarized pump beam (in excess of 99%) was thus achieved
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Figure 2. (a) FBG transmittance and (b) reflectance for two orthogonal SOPs.

Core diameter 9.5 um 8.2 um
Fiber diameter 125 um 125 ym
Coating diameter 248 pm 243 pm
Core numerical aperture 0.12 0.14

MED at 1550 nm 10.4 pm 10.4 pm
Background loss at 1550 nm 0.43dB/km 0.2dB/km
Spinning period <lcm —

Beat length >1.8m —

Table 1. Parameters of the employed fibers.

by means of a polarizing prism, after which the polarized output was injected into a fiber polarization controller
(PC), which can be used to generate a range of different SOP values.

As shown in Fig. 1, the output pump from the PC was injected through a WDM into the open-cavity laser,
which has a single high reflectivity (close to 90%) fiber Bragg grating (FBG), centered at 1454.5 nm, on either
the input or the output pumping end, depending on the chosen design. The transmittance and reflectance of this
FBG do not display a measurable dependence on the polarization of the incident signal. In Fig. 2 the obtained
transmittance and reflectance characteristics for two different orthogonal SOPs are shown. As with all similar
open-cavity designs, Rayleigh backscattering provides the random distributed feedback mechanism for the open
side of the cavity. The 2km spun fiber was extruded from a standard fiber preform, and its main characteristics
are summarized in Table 1.

Theoretical model. In the proposed open cavity RDFL configuration of Fig. 1, there are three main prop-
agating CW beams interacting with each other: the forward pump at 1366 nm, the signal co-propagating with
it, and the counter-propagating signal. The additional, low-power Rayleigh-backscattered 1366 nm component
which is counter-propagating with respect to the pump may be generally ignored, as it only plays a limited role
in the signal amplification process. By considering the most basic three-wave interaction model within a Kerr-
and Raman-active medium'é, with the phenomenological addition of Rayleigh backscattering, one obtains the
following equations

iazs(Si) _ _as(ii) + ’Y(S(Si) % ]Ss(Si) + S(Si) % ];S(S:F) + S(Si) % ]fs(P))

IS8 + 80 (87 SRS + e8¢ "

£9,58 = —as§™ + %[Sé")]Ro(SSSi) + 85) + STy (S17) + 7))

83 pa(85° + 5 4 SPps(85° + $§")] 4 e8¢ @

Here, the constant « is the fiber linear loss cogfﬁcignt, «y is the nonlinear coefficient, g is the Raman gain, and
¢ is the Rayleigh coefficient. S = (5, §{, s¥) represent the Stokes vectors of the pump, of the
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co(counter)-propagating signal, and of the co(counter)-propagating noise for j=p, s+ (s—) and n+ (n—),
respectively. Moreover, the power of the pump and signals is described by S = ((SV)? + (S¥)? + (S,
and the noise S"* is randomly generated at any point of the fiber, in any component of the corresponding Stokes
vector. The total noise power reads as

() _ 1

SO = ZhI/SAI/S 1 + W (3)
where h is Plank’s constant, k; is Boltzmann’s constant, T is the absolute temperature of the fiber, 1. are the corre-
sponding frequencies of the pump and signals, and A, is the effective bandwidths of the signals.

Jo J. J. and J, are tensors associated with the presence of self-phase modulation (SPM), cross-phase modula-
tion (XPM), Rayleigh and Raman scattering, respectively. In the case of a spun fiber, when taking into account its
relatively short length and low PMD value, the value of all of these tensors can be considered a constant along the
longitudinal coordinate of the fiber z. By following the analytical approach described in?, the effects of SPM can
be neglected. Whereas the XPM and Raman tensors can be simplified to If = —8/9diag(1, 1, £ 1) and
Jx = (2 + 1)/3diag(1, 1, 1), respectively. In an isotropic fiber (i.e., with no linear birefringence), the Rayleigh
tensor reads as J, = diag(1, 1, —1)*". We may assume this value to be also applicable to the case of an ideal spun
fiber. Conversely, in modern SMFs with low but random birefringence, the situation is more complex: fiber bire-
fringence affects both the signal and its Rayleigh backscattered counterpart. In this situation, by modeling the
SOP evolution as a three-dimensional Brownian motion, and considering that the effective fiber length is much
larger than the polarization beat length, it can be shown that when a polarized signal is Rayleigh backscattered,
the DOP of the backscattered signal is reduced to only one third of the value of the original signal DOP*.
Consequently, one may expect to observe a reduction of the signal DOP in SMF based random lasers, when com-
pared with the case of a spun fiber based RDFL.

A set of equations equivalent to Eqs (1-2) can be used for describing the longitudinal evolution of the Stokes
vector of the pump and of its power:

+ —a(s—
aZS(P) - _ aS(P) + ,y(s(P ) % Ips(P) 4 S(P) % IIS(H-) + S(P) % ]xS(S ))
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However, since the pump power always remains much higher than the signal power, pump depletion and
polarization-dependent phase shifts due to the Raman effect and to XPM, respectvely, can be largely neglected.
Subsequently, in our simplified model, the Stokes vector of the pump is not affected by the presence of the signal,
and the pump power evolution is only affected by the presence of linear attenuation. A more complete theoretical
analysis of the process of polarization pulling between pump and signal polarizations in spun fibers can be found
in31—33.

Based on our modelling Eqs (1-3), we numerically studied both the mirrorless case and the two open-cavity
configurations illustrated in Fig. 1: the position of the FBG thus determines the boundary conditions. We used the
following physical parameters: g=0.7km™'- W™, e =107 km™1,v = 1.5 km~!- W1, aloss coeffcient « = 0.5
and 0.35dB - km™ ' for the pump and the signal, respectively; the total fiber length was set to be equal to 4km. In
all of the three configurations involving a fully polarized pump, we observed that lasing is more efficient than the
case where a depolarized pump is used. This occurs thanks to the higher gain which is experienced by the Stokes
component of the signal that is aligned with the polarization axis of the pump. In the mirrorless configuration,
our numerics show that the power of the co-propagating signal is higher than the power of the
counter-propagating signal. In fact, the modulus of the Raman tensor is three times lower for the
counter-propagating case (J;| = 1and|Jgz| = 1/3).

In Fig. 3(a) we illustrate, for the mirrorless configuration, the dependence on pump power of the output laser
power from either the co-propagating or the counterpropagating signal. Here the output power in the depo-
larized pump case is also added, for the ease of comparison. In terms of SOP, our simulations show that the
co-propagating signal is fully polarized, with a DOP close to 100%. Conversely, the counter-propagating signal
only partially polarized (DOP < 85%), because of the corresponding reduced degree of polarization attraction.
Indeed, the SOP of the co-propagating output signal is fully aligned with the SOP of the pump. On the other hand,
while the first and the second components of the Stokes vector of the counter-propagating signal are attracted
to the same components of the pump Stokes vector, the third (circular polarization) component of the signal is
attracted to the orthogonal (counter-rotating) polarization component of the pump. This is due to the corre-
sponding negative sign of the third component of the Raman tensor; physically, the change of sign is due to the
interchange of the propagation direction, which changes the handedness of the polarization rotation.

When considering now the two open cavity configurations of Fig. 1, we find that the presence of a FBG
reduces the laser threshold with respect to the mirrorless case. However, Fig. 3(b) shows that in the open cavity
configurations the output laser power is strongly dependent on the value of the pump SOP. Figure 3(b) shows the
maximum and minimum values of the output laser power (in either the co or the counter-propagating signal) for
scheme B in Fig. 1. The polarization instability of the laser output is due to the cancellation of the circular
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Figure 3. Simulation results: (a) Output power as function of the pump power for the mirrorless configuration.
(b) Maximum and minimum output power for scheme B. (c) Output circular polarization components (S; *)as
function of the pump circular polarization component (S{£), for a pump power of 1.6 W.
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Figure 4. Experimental results for scheme A: (a) spectrum of the co-propagating signal output. In the inset, we
show the output spectrum of the counter-propagating signal. (b) Poincaré sphere display of the variation of the
SOP of the 1453 nm co-propagating output signal, as the pump SOP is varied.

polarization components of the total intracavity field. In fact, co-propagating and the counter-propagating signals
are attracted towards two counter-rotating (when observed in a fixed reference frame) circular polarizations. As
aresult, the laser output tends to be linearly polarized. Moreover, the lower the circular polarization component
of the pump $.7, the more powerful the laser output is.

As can be seen in Fig. 3(c), because of the strong Raman-induced polarization pulling experienced by the
co-propagating signal, its circular polarization componentS;* closely follows the circular polarization compo-
nent of the pump S{. Whereas Fig. 3(c) shows that the circular polarization component of the counter-propagating
signal S;~ remains close to zero for|S#| < 0.7. The output DOP in the co-propagating signal remains higher than
96% at all times. By using scheme A in Fig. 1, we obtain similar results, however with comparatively slightly lower
DOP values, because of the reduced DOP of the counter-propagating signal arriving at the FBG. In this configu-
ration, the SOP of the counter-propagating signal changes with the SOP of the pump: its circular component (S5)
is inversely proportional to the corresponding component of the pump (S£). On the other hand, the cancellation
of the circular component is evident in the co-propagating signal, that remains always linearly polarized.

Experimental results and discussion.  Let us focus first on the configuration with the FBG at the pump-
ing end, as in scheme A of Fig. 1. As discussed in the previous simulation section, open cavity configurations are
expected to display a lower threshold and improved pumping efficiency with respect to the mirrorless case. The
corresponding experimentally observed output spectra are shown in Fig. 4(a). The spectra are shown between
1360 nm and 1480, as no features of interest are observed outside this range. As can be seen, the evolution of the
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Figure 5. Experimental results for scheme B: (a) spectrum of the co-propagating output. In the inset, we show
the spectrum of the counter-propagating signal; (b) Poincaré sphere display of the variation of the SOP of the
1453 nm co-propagating output signal.

output laser spectrum with pump power can be divided in two different regimes, as far as the nonlinear effects
involved in the laser dynamics are concerned. The first regime is dominated by the presence of XPM and para-
metric scattering, whereas the second regime is governed by the action of Raman scattering. For relatively low
pump powers, one observes the generation of a narrow signal at the 1454.5 nm FBG wavelength, sitting on a
broad supercontinuum with a peak at 1393 nm. The higher the pump power, the higher the signal power level at
the FBG frequency. For pump powers higher than 32 dBm, a new spectral peak appears at 1453 nm, which quickly
superimposes over the initial 1454.5 nm peak. The amplitude of the 1453 nm peak grows larger with pump power,
up to pump powers close to 33.5 dBm. Next, the effects of Raman scattering become dominant, until lasing begins
at 1453 nm. Subsequently, most power below 1440 nm is redistributed under the lasing peak. Note that the lasing
wavelength is slightly different from the FBG resonant wavelength: it corresponds to the peak of the Raman gain
profile. The presence of a FBG has no influence on the generation of the laser emission, where the feedback is
provided by distributed Rayleigh backscattering (i.e., it corresponds to the generation of random distributed feed-
back lasing). Whenever the open cavity is pumped with a depolarized pump (i.e., without the polarising prism),
Raman gain never reaches a sufficient level to prevent strong supercontinuum generation at 1393 nm. As a result,
with the open cavity we could not achieve lasing at 1453 nm for injected pump powers up to 35.5dBm. As a result,
we may infer that polarization alignment between the pump and the generated Stokes is critical to achieve an
efficient Raman frequency conversion. This polarization alignment is maintained thanks to the low PMD of the
spun fiber, which in turn enables the generation of highly polarized random lasing.

For scheme A of Fig. 1, we experimentally found that the co-propagating laser output is not fully polarized:
in this configuration the output signal power, its DOP and the associated Raman conversion efficiency strongly
depends on the input SOP of the pump. As a matter of fact, by varying the SOP of the pump by means of the
PC, we observed that the output laser DOP oscillates between 65% and 95%. Correspondingly, as shown in
Fig. 4(b), the SOP of the laser output widely moves across the entire Poincaré sphere. A fully polarized (i.e., with
a DOP equal to 100%) laser output cannot be obtained since the lasing signal also includes the contribution from
the FBG reflected signal at 1454.5 nm which, according to the simulations, is never fully polarized. Moreover,
the observed forward laser output DOP dependence on the pump SOP may be explained as follows. The FBG
reflected 1454.5nm component is mainly attracted to a linear SOP. Hence maximum (minimum) DOP of the
total laser output (resulting from the sum of the lasing signal and the signal reflected by the FBG) is obtained
when the pump itself is linearly (circularly) polarized. The linear SOP pump, which produces the maximum val-
ues of the laser signal DOP, also produces the highest output power.

When measuring the output at the pumping end, no lasing was obtained, owing to the reduced polarization
attraction in the counter-propagating signal configuration. As shown in the inset of Fig. 4(a), we observed two
spectral peaks at 1453 nm and 1454.5 nm, respectively. The first peak corresponds with the Rayleigh backscatter-
ing of the lasing signal, whilst the second peak matches the resonant wavelength of the FBG. Due to the position
of the FBG, the power of the 1454.5 nm signal is not sufficient for filtering it out, and measuring its polarization
characteristics. Nevertheless, the DOP of the unfiltered signal is less than 30%, which indicates that the 1454.5nm
signal is effectively depolarized.

Let us consider now scheme B of Fig. 1, with a FBG placed at the opposite side of the pump. The corre-
sponding experimental results are summarized in Fig. 5. As it can be seen, the co-propagating output spectrum
remains almost identical to that obtained with the previous configuration (see Fig. 4(a)). In particular, the output
laser power remains largely independent of the position of the FBG, allowing stable output lasing at 1 mW when
pumped with a 1 W linear SOP pump. However, the DOP of the 1453 nm signal is slightly higher with scheme B,
as it varies now between 75% and 100%. Nevertheless, Fig. 5(b) shows that also with scheme B the SOP of the out-
put co-propagating laser Stokes signal is largely dependent on the pump SOP value: its values almost uniformly
cover the Poincaré sphere.
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Figure 6. (a) Poincaré sphere display of the variation of the SOP of the 1454.5 nm counter-propagating output
signal in configuration 2 with a spun fiber; (b) As in (a), but using a SME

The most remarkable differences between schemes 1 and 2 of Fig. 1 are observed in the counter-propagating
output signal. Firstly, by comparing the insets of Figs 4(a) and 5(a), we can see that the output power of the
1454.5 nm counter-propagating output Stokes signal is higher with scheme B. This could be expected, given the
position of the FBG at the end of the cavity. Next, we found that the output counter-propagating Stokes signal
power is slightly dependent on the pump SOP value. Most importantly, we observed that the counter-propagating
output Stokes signal DOP remains extremely close to 100% for any value of the pump SOP. In addition, as shown
in Fig. 6(a), the output signal maintains a well-defined SOP, which is virtually unaffected by the SOP of the pump.
Quite strikingly, an highly polarized counter-propagating signal output is also observed whenever a depolar-
ized pump is employed. These observations suggest the presence of a strong self-attraction of the SOP of the
1454.5 nm Stokes signal, as it occurs in the omnipolarizer'’. According to the qualitative information provided
by the numerical solution of the model of Eqs (1-3), the Stokes signal should indeed preserve a linear SOP, even
for a relatively high contribution of circular polarization in the pump. Hence, when observed on the Poincaré
sphere, variations of the pump SOP should mostly translate into a displacement on the output Stokes SOP over
points close to the equator. Experimental observations show that the Stokes SOP has an important component
of clockwise circular polarization, which can be attributed to the presence of discrete polarization rotation ele-
ments in the light path, such as the FBG*. It is worth noting that output powers were stable in all the considered
cases,even if the spun fiber is subject to slight movements, these movements, though, can lead to instantaneous
rotations of the output SOP.

In order to appreciate the role of the ultra-low PMD spun fiber in determining the effectiveness of Raman
polarization attraction and random lasing, we repeated our experiments by replacing the spun fiber with a stand-
ard fiber. We used a 3km span of SMF-28. SMF has a lower linear loss and a smaller core area, hence a higher
Raman gain coefficient, than the spun fiber. Moreover the used SMF span was also slightly longer than the spun
fiber span, which could also be expected to contribute to more efficient amplification and lasing, in the absence
of any polarization effect. In spite of all of these potential advantages, we observed that, when a highly polarized
pump is used, the higher PMD in the SMF leads to an overall reduced Raman gain with respect to spun fiber case.
The experimental spectra are shown in Fig. 7.

In fact, we observed that, when using the SMF, a depolarized pump and a FBG at the pumping end, lasing
could not be achieved within the available pump powers: instead, a supercontinuum spectrum was generated.
On the other hand, with a fully polarized pump and the SMF, lasing at 1453 nm was easily achievable in the
co-propagating direction, with a threshold of only 0.2 dBm lower than with the spun fiber. The output DOP varied
between 40% and 100%, again depending on the input SOP of the pump.

With an FBG at the far end of the pump and using the SMF, we observed that the counter-propagating Stokes
output power at the pumping end was again higher than with the spun fiber, as could be expected, given the extra
length and higher gain coefficient of the SME. However, the output DOP is much reduced when using an SMF,
and the corresponding SOP no longer remains fixed as the pump SOP is varied. The DOP of the output Stokes
signal varied between 30% and 85%, depending on the configuration of the PC. As shown in Fig. 6(b), the signal
SOPs are distributed over a much broader range in the Poincaré sphere than in the spun fiber case, owing to the
much higher PMD of the SME The output SOP distributions on the Poincaré sphere with either a spun fiber or an
SMEF can be clearly compared in Fig. 6.

In conclusion, two different configurations of open-cavity Raman fiber lasers relying on low-PMD spun
fiber and high-power, polarized CW pumping have been proposed, theoretically studied and experimentally
demonstrated and characterized for the first time. The obtained experimental results are in good agreement
with the predictions of our numerical simulations, based on a simple theoretical model for the interaction of
counter-propagating beams in random distributed feedback fiber lasers. The configuration with the fiber
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Figure 7. (a) Experimental spectrum of the co-propagating output for scheme A using SME In the inset, we
show the spectrum of the counter-propagating signal; (b) Experimental sprectrum of the co-propagating output
for scheme B using SME. In the inset, we show the spectrum of the counter-propagating signal.

grating at the far end of the pump turns out to be the most efficient, since it displays a lower lasing threshold.
Narrow-spectrum lasing in the co-propagating direction with respect to the pump is observed at a wavelength
which differs from the central FBG reflection wavelength, but coincides with the Raman gain peak. These charac-
teristics, together with the absence of an identifiable mode structure in the RF output spectrum, provide evidence
of efficient random lasing with feedback provided by Rayleigh scattering.

On the other hand, lasing in the counter-propagating output signal was generally less efficient, owing to the
reduced efficiency of polarization attraction. Nevertheless, a highly polarized counter-propagating output signal
was obtained at the FBG wavelength. Interestingly enough, a high counter-propagating signal DOP could be
obtained in this configuration even when using a depolarized pump, which can be attributed to a self-attraction
(or omnipolarizer) effect combined with the polarization maintaining properties of the spun fiber. For com-
parison, experiments were repeated using a comparable length of standard single-mode communications fiber.
Although the lasing threshold was slightly reduced in this case, owing to the smaller fiber attenuation and slightly
longer fiber length, its value remains comparable to that of the spun fiber. In fact, the latter offers improved
polarization-dependent Raman gain, thanks to its much lower birefringence. Additionally, we observed that the
DOP of the laser output is considerably reduced when a SMF is used: the corresponding output SOPs are distrib-
uted over a much broader area on the Poincaré sphere. Our results demonstrate, for the first time in the context
of random distributed feedback fiber Raman lasers, the possibility to achieve controllable polarization-pulling
and simultaneous lasing at different wavelengths with different output polarization properties.These results not
only contribute to improving our understanding of polarization dynamics in ultralong lasers, but also open the
possibility of designing future fiber laser sources that may be adequate for polarization-sensitive amplification or
sensing.

References
. Wiersma, D. S. The physics and applications of random lasers. Nat Phys 4, 359-367 (2008).
. Turitsyn, S. K. et al. Random distributed feedback fibre laser. Nat Photonics 4, 231-235 (2010).
. Turitsyn, S. K. et al. Random distributed feedback fibre laser. Physics Reports 542, 133-193 (2014).
. Ania-Castafion, J. D. et al. Ultralong raman fiber lasers as virtually lossless optical media. Phys. Rev. Lett. 96, 023902 (2006).
. Papernyi, S., Karpov, V. & Clements, W. Third-order cascaded raman amplification. In Optical Fiber Communications Conference,
FB4 (Optical Society of America, 2002).
. Babin, S. A. et al. Tunable random fiber laser. Phys. Rev. A 84, 021805(R) (2011).
7. El-Taher, A. E. et al. Effect of rayleigh-scattering distributed feedback on multiwavelength raman fiber laser generation. Opt. Lett.
36, 130-132 (2011).
8. Sugavanam, S. et al. Narrow-band generation in random distributed feedback fiber laser. Opt. Express 21, 16466-16472 (2013).
9. Vatnik, I. D., Churkin, D. V,, Podivilov, E. V. & Babin, S. A. High-efficiency generation in a short random fiber laser. Laser Physics
Letters 11,075101 (2014).
10. Churkin, D. V. et al. Wave Kinetics of random fibre lasers. Nat Commun 2, 6214 (2015).
11. Wai, P. K. A. & Menyak, C. R. Polarization mode dispersion, decorrelation, and diffusion in optical fibers with randomly varying
birefringence. Journal of Lightwave Technology 14, 148-157 (1996).
12. Lin, Q. & Agrawal, G. P. Polarization mode dispersion-induced fluctuations during raman amplifications in optical fibers. Opt. Lett.
27,2194-2196 (2002).
13. Bao, X. & Chen, L. Recent progress in brillouin scattering based fiber sensors. Sensors 11, 4152-4187 (2011).
14. Martinelli, M. et al. Evidence of raman-induced polarization pulling. Opt. Express 17, 947-955 (2009).
15. Kozlov, V. V., Nuno, J. & Wabnitz, S. Theory of lossless polarization attraction in telecommunication fibers. J. Opt. Soc. Am. B 28,
100-108 (2011).
16. Kozlov, V., Nuno, J., Ania-Castanon, J. & Wabnitz, S. Theoretical study of optical fiber raman polarizers with counterpropagating
beams. Journal of Lightwave Technology 29, 341-347 (2011).
17. Fatome, J. et al. A universal optical all-fiber omnipolarizer. Scientific Reports 2, 938 (2012).
18. Popov, S., Sergeyev, S. & Friberg, A. The impact of pump polarization on the polarization dependence of the raman gain due to the
breaking of a fibre’s circular symmetry. Journal of Optics A: Pure and Applied Optics 6, S72 (2004).
19. Chen, X., Li, M.-]. & Nolan, D. A. Polarization mode dispersion of spun fibers an analytical solution. Opt. Lett. 27, 294-296 (2002).

G W N =

N

SCIENTIFICREPORTS |7: 13681 | DOI:10.1038/s41598-017-13193-7 8



www.nature.com/scientificreports/

20. Galtarossa, A., Griggio, P., Palmieri, L. & Pizzinat, A. Low-pmd spun fibers. Journal of Optical and Fiber Communications Reports 1,
32-62 (2004).

21. Wu, X. H. et al. Random lasing in closely packed resonant scatterers. J. Opt. Soc. Am. B 21, 159-167 (2004).

22. Kanitter, S., Kues, M. & Fallnich, C. Emission polarization of random lasers in organic dye solutions. Opt. Lett. 37, 3621-3623 (2012).

23. Yao, F et al. Polarization and polarization control of random lasers from dye-doped nematic liquid crystals. Opt. Lett. 38, 1557-1559
(2013).

24. Stolen, R. Polarization effects in fiber raman and brillouin lasers. IEEE Journal of Quantum Electronics 15, 1157-1160 (1979).

25. Wu, H. et al. Random distributed feedback raman fiber laser with polarized pumping. Laser Physics Letters 12,015101 (2015).

26. Du, X, Zhang, H., Wang, X., Zhou, P. & Liu, Z. Investigation on random distributed feedback raman fiber laser with linear polarized
output. Photon. Res. 3,28-31 (2015).

27. Zlobina, E. A., Kablukov, S. I. & Babin, S. A. Linearly polarized random fiber laser with ultimate efficiency. Opt. Lett. 40, 4074-4077
(2015).

28. Babin, S. A., Zlobina, E. A., Kablukov, S. I. & Podivilov, E. V. High-order random raman lasing in a pm fiber with ultimate efficiency
and narrow bandwidth. Scientific Reports 6, 22625 (2016).

29. Kozlov, V., Nuno, J., Ania-Castanon, J. & Wabnitz, S. Analytic theory of fiber-optic raman polarizers. Optics Express 20, 27242-27247
(2012).

30. Deventer, O. V. Polarization properties of rayleigh backscattering in single-mode fibers. Journal of Lightwave Technology 11,
1895-1899 (1993).

31. Sergeyev, S., Popov, S. & Friberg, A. Modeling polarization-dependent gain in fiber raman amplifiers with randomly varying
birefringence. Optics communications 262, 114-119 (2006).

32. Sergeyev, S. & Popov, S. Two-section fiber optic raman polarizer. IEEE Journal of Quantum Electronics 48, 56-60 (2012).

33. Sergeyev, S., Popov, S. & Friberg, A. Spun fiber raman amplifiers with reduced polarization impairments. Optics express 16,
14380-14389 (2014).

34. Torres, P, Valente, L. C. G., Linares, L. C. B. & von der Weid, J. P. Fiber bragg grating polarizer 2, 983-986 vol. 2 (2003).

Acknowledgements

This work was funded by FP7 ITN programme ICONE (608099); Spanish MINECO grant TEC2015-71127-C2;
Comunidad de Madrid grant SINFOTON (S2013/MIT-2790-SINFOTON-CM); Ministero dell “Istruzione, dell”
UniversitA e della Ricerca (MIUR) (PRIN 2015KEZNYM); The work of SW was supported by the Ministry of
Education and Science of the Russian Federation (14.Y26.31.0017). The work of JN was supported by the Spanish
MINECO (“Juan de la Cierva” contract).

Author Contributions

J.D.A.-C. and S.W conceived the experiment. J.N., G.R. and P.C. set up the experiment. J.N., G.R., EG., C.P. and
EP. performed the experiments. J.N., S.W. and J.D.A.-C. contributed to the theoretical and numerical analysis.
J.N.and ].D.A.-C. wrote the article. ].D.A.-C. supervised the overall project. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 13681 | DOI:10.1038/s41598-017-13193-7 9


http://creativecommons.org/licenses/by/4.0/

	Open-Cavity Spun Fiber Raman Lasers with Dual Polarization Output

	Results

	Experimental setup. 
	Theoretical model. 
	Experimental results and discussion. 

	Acknowledgements

	Figure 1 Schematic of the experimental setup for an open cavity laser.
	Figure 2 (a) FBG transmittance and (b) reflectance for two orthogonal SOPs.
	Figure 3 Simulation results: (a) Output power as function of the pump power for the mirrorless configuration.
	Figure 4 Experimental results for scheme A: (a) spectrum of the co-propagating signal output.
	Figure 5 Experimental results for scheme B: (a) spectrum of the co-propagating output.
	Figure 6 (a) Poincaré sphere display of the variation of the SOP of the 1454.
	Figure 7 (a) Experimental spectrum of the co-propagating output for scheme A using SMF.
	Table 1 Parameters of the employed fibers.




