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Narrowband Raman lasing in a polarization-maintaining
two-core fiber (TCF) is demonstrated. Femtosecond point-
by-point inscription of fiber Bragg gratings (FBGs) in
individual cores produces a half-open cavity with random
distributed feedback. The laser linewidth in the cavity with
a single FBG inscribed in one core of the TCF reduced by
~2 times with respect to the cavity with a fiber loop mirror.
It is shown that the inscription of two FBGs in different
cores leads to the formation of a Michelson-type interfer-
ometer, leading to the modulation of generation spectra
near threshold. This technique offers new possibilities for
spectral filtering or multi-wavelength generation. © 2019
Optical Society of America

https://doi.org/10.1364/0L.44.000295

Raman fiber lasers operating via random distributed feedback
(RDFB) are of interest for fundamental studies of nonlinear
optical effects in disordered media [1], and have potential ap-
plication as practical laser devices, owing to their very simple
design consisting of just a passive fiber coupled to a pump
source [2,3]. Amplification and positive feedback, both neces-
sary for lasing, are provided here by stimulated Raman scatter-
ing induced by the pump radiation and Rayleigh backscattering
(RBS) from naturally present sub-micrometer disorder in silica
fibers, respectively. As the RBS-based RDFB is extremely
broadband, the RDFB fiber laser is capable to emit in the whole
transmission window of silica fibers (1-2 pm). Moreover, such
a broad wavelength tuning is possible with a single pump
source operating around 1 pm, due to the efficient cascaded
generation of higher-order Stokes waves. This is possible in a
RDPFB laser scheme, even in the absence of resonant cavities for
each order [4,5], a condition which is necessary for the cascaded
operation of conventional Raman fiber lasers. Even for high-
order Stokes waves, the optical efficiency of pump-to-Stokes
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conversion is as high as ~70% (for a quantum efficiency
>80%) [4], thanks to the absence of intra-cavity elements
(and their corresponding insertion losses) in a RDFB fiber laser.
The maximum efficiency, defined by light attenuation along
the fiber [6], may be reduced by shortening the fiber in com-
bination with a corresponding increase of pump power in order
to overcome the larger generation threshold [7-9]. The first-
order Stokes optical efficiency approaches 90%, which is close
to the quantum limit (~95%), both for polarization-maintain-
ing (PM) [10] and non-PM [11] fibers. (In the last case, a
120 m long passive fiber with >200 W level pumping is used.)

In the absence of wavelength-selective cavity elements, the
laser emission linewidth of RDFB fiber lasers is defined by the
spectral profile of the Raman gain, which plays the role of
the spectral filter. The observed emission line exhibits a typical
Schawlow—Townes narrowing near the generation threshold,
then starts to broaden with increasing laser power owing to the
nonlinear Kerr effect of self-phase modulation (SPM) [12].
When using kilometer-long fibers, the influence of group veloc-
ity dispersion also becomes important with a result that power
broadening is suppressed in favor of a cubic root dependence of
linewidth as a function of nonlinear phase shift. At the same
time, the emission linewidth grows nearly proportionally to the
Stokes order for cascaded generation, owing to the increasing
effect of cross-phase modulation. The resulting RDFB laser
linewidth amounts to about 1, 2, and 3 nm for the first, second,
and third order, respectively, at a watts power level [4].

The integration of a narrowband spectral filter into the open
cavity of a RDFB laser leads to a linewidth reduction, which is
nearly proportional to the ratio between the filter bandwidch
and the Raman gain bandwidth. The linewidth of a RDFB laser
with a fiber Bragg grating (FBG) as a spectral filter amounts
to ~0.2 nm at several watts power (which makes a frequency
doubling in nonlinear crystal possible [13]) and may be as low
as 0.02 nm when a narrowband Fabry—Perot filter is used at
low powers [14]. Herewith, the use of a tunable filter makes
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it possible to achieve a broad tuning of the generated Stokes
wavelength [6], whereas the use of a comb-like filter enables
the multi-wavelength operation of RDFB fiber lasers [14-16].
An additional possibility of line narrowing consists in the re-
duction of power density in the fiber core, thus reducing non-
linear effects. In particular, one can use large-mode-area [17],
multicore [18], or tapered [19] passive fibers. For example, in a
random laser based on a twin-core PM fiber with a half-open
cavity involving a broadband fiber loop mirror (FLM) [18], the
linewidth is five times smaller than that for a random laser
based on a conventional single-mode fiber (SMF) with similar
parameters [10]. The reasons for the line narrowing include
not only the weakening of nonlinear effects due to the power
density reduction, but also the spectrally selective properties of
the twin-core fiber itself (with a quasi-periodic wavelength
transmission function). As a result, the linewidth of RDFB
lasers using a twin-core fiber in combination with a broadband
FLM amounts to about 0.5 nm at ~7 W output power [18].

In this Letter, we report on the development of unique spec-
tral filters based on FBGs inscribed in a twin-core fiber and
their implementation for random fiber laser linewidth narrow-
ing. The use of the femtosecond laser technology for FBG fab-
rication [20,21] enables filter formation either in the selected
fiber core or in both cores simultaneously. The FBGs inscribed
in different cores may be shifted along the fiber against each
other, thus forming in the two-core fiber (TCF) with coupled
cores a Michelson-type interferometer, which offers new oppor-
tunities for controlling the RDFB fiber laser spectrum.

A PM TCEF has been developed and manufactured in FORC
RAS (Moscow). The radius of the cores is 3 + 0.3 pm, and the
average distance between the core centers is 17.1 0.3 pm;
the propagation loss coefficient at 1.06 pm is measured to
be 2.2 dB/km, and the Raman gain coefficient is 0.85—
0.95 Wl km™! [18]. The general scheme of the investigated
RDFB laser configurations is shown in Fig. 1. A linearly po-
larized pump radiation at 1050 nm generated by an Yb-doped
fiber laser is injected into the RDFB laser cavity through a
WDM coupler made of a PM SMF spliced with one of the
PM TCEF cores by a Fujikura LZM-100 splicer. A highly re-
flective FBG (HR FBGI1) is inscribed in the other core used
as the input cavity mirror for the first tests. For subsequent
experiments, an additional HR FBG2 was also inscribed in
the pumped core. Femtosecond inscription technology enables
the high-precision FBG positioning inside an individual fiber
core by means of the visualization of the modification area in
the two coordinates perpendicular to the core axis [20]. It is also
possible to precisely shift along the fiber axis the FBGs in-
scribed in different cores of the TCF [21].

The output end of the TCF was cleaved at an angle of >10°
in order to avoid the Fresnel reflection, thus securing a RDFB
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Fig. 1. TCF-based Raman laser with half-open cavity.
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via Rayleigh backscattering in the half-open cavity with either a
single or composite FBG reflector. Note that at the end with
FBG(s) either angled cleaving of the WDM output end or its
termination by a FLM was explored. The output radiation
of the RDFB fiber laser is collimated by a lens (Thorlabs
F230FC-B) and dispersed by a diffraction grating (Thorlabs
GR25-1210). Four beams are observed at the laser output (gen-
erated Stokes and transmitted pump beams from each core).

The generation spectra are characterized by an optical spec-
trum analyzer (OSA) Yokogawa AQ6370 with a resolution of
20 pm. The radio-frequency (RF) spectrum is analyzed by an
RF signal analyzer (Agilent N9010A), and the light intensity
dynamics is measured by a fast photodetector Thorlabs
DETO8CF with the oscilloscope Tektronix TDS 3032B. The
degree of polarization is determined by polarimeter Thorlabs
PANS5710IR2.

At first, we test the configuration with a single HR FBGI
(Fig. 2). Figure 2(a) shows the total (from both cores) power of
the generated laser radiation and transmitted pump radiation as
a function of the input pump power. The threshold pump
power amounts to about 12 W. The generated Stokes power
at 1100 nm grows rapidly above the threshold, reaching 3.4 W
at a maximum pump power of 13 W. The solid lines in Fig. 2
(a) correspond to the results of numerical simulation
obtained from the power balance equations, including RDFB
due to Rayleigh backscattering, with boundary conditions
taken as point-like reflection at the fiber input (R;) and output
(R,) [22]. The HR FBG1 with reflectivity R inscribed in one
of the TCF cores is equal to a mirror with reflectivity of R/2
due to the strong coupling between the cores, so we used R, =
0.5 in the model. Reflectivity R, is equal to 0 for the half-open
cavity configuration with an angled cleaved output fiber end.
The Raman gain coefficient is taken to be 0.95 W~!km™!,
which is within the experimental range for this TCF [18].

The generation spectra for different output powers are
shown in Fig. 2(b). The measured linewidth (full width at
half-maximum [FWHM)]) appears to be by ~2 times smaller
than that for the TCF-based random Raman laser with a
FLM [18]. Moreover, the linewidth is weakly dependent on
power. Spectral narrowing is caused by the use of a relatively
narrowband FBG (61 = 400 pm) [see Fig. 3(a)], instead of a
broadband FLM. Besides, a significant improvement of the
generation spectrum stability is obtained when the FBG is
used: in Ref. [18], it was noted that several side-lobes on the
right wing of the spectrum appear and disappear with a typical
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Fig. 2. (a) Output power for transmitted pump (black squares) and
generated Stokes (red circles) radiation as a function of the input pump
power in the scheme with a single HR FBG1. The solid lines denote a
simulation with the balance model. (b) Generation spectra at different
levels of output power. RF spectra of output radiation in each core are
shown in the inset (spectrum for core 2 is up-shifted by 5 dB).
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Fig. 3. (a) Measured spectra of HR FBG1 and HR FBG2.
(b) Output power of the transmitted pump (black squares) and gen-
erated Stokes (red circles) radiation as a function of the input pump
power in the scheme with HR FBG1 and HR FBG2 in different cores.
The solid lines denote simulations with the balance model.

timescale of about 1 min. We have checked that adding the
FLM in our scheme (spliced to the output WDM port; see
Fig. 1) does not change the measured spectra significantly, thus
proving that FBG reflection is the main stabilizing factor.
Figure 2(b) shows residual side-lobes at low powers, but their
amplitude (about -20 dB) is now much lower than in
Ref. [18]. The inset in Fig. 2(b) shows that the measured
RF spectrum of the RDFB laser has no mode structure asso-
ciated with the 550 m TCF: only the peaks with a spacing
of ~7.5 MHz are seen, which are transferred from the 14 m
long pump laser. The modeless RF spectrum proves the ran-
dom character of the feedback.

As a next step, we inscribed two HR FBGs in different cores,
with a position shift along the fiber which is less than the beat-
ing length between the cores (~5 cm). The spacing between
input FBG centers is ~5 mm at the FBG length of 3 mm.
Their reflection spectra are shown in Fig. 3(a): the spectral
widths of HR FBG1 and HR FBG2 are ~#400 and =650 pm,
respectively. The HR FBGI spectrum was measured through
a SMF spliced to the corresponding TCF core, whereas the
HR FBG2 spectrum was obtained without splicing, i.e., with
additional losses reducing the spectral amplitude. The shift
along the fiber between the FBGs leads to the formation of
a Michelson interferometer because of the power transfer be-
tween the cores.

The measured generation spectra for the scheme with two
input FBGs are shown in Fig. 4. At low Stokes wave power
(£ 10 mW), a modulation in the spectra is observed [Fig. 4(a)].
The modulation period is about 80 pm, which corresponds to
the Michelson interferometer with an arm’s length difference
equal to the distance between FBGs (5 mm). The width of the
individual peaks is below the OSA resolution (20 pm). With
increasing generation power, the modulation is vanishing be-
cause of the significant broadening of the peaks. The generation
linewidth (FWHM) at the output power of 100 mW is equal to
160 pm [Fig. 4(a)], and it approaches 550 pm at the maximal
power of 6 W [Fig. 4(b)].

In Fig. 5(a), we compare the laser linewidth as a function of
output power for different configurations of the TCF-based
random laser. In spite of the extremely narrow peak width near
the threshold (~10 mW), the linewidth of a random fiber laser
with two input FBGs at powers >100 mW is the largest one.
In this case, the linewidth rapidly grows with larger powers,
until it nearly saturates at the level corresponding to the FBG
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Fig. 4. (a) Output Stokes spectra measured near the generation
threshold. (b) Generation spectra measured at different power levels.

bandwidth (~600 pm). At maximum power (6 W), the line-
width is nearly equal to that of a random laser with a broadband
FLM [18]. However, when compared with the FLM-based la-
ser with an unstable spectrum, i.e., exhibiting time-fluctuating
side-lobes [18] [see Fig. 5(b)], the spectrum of the FBG-based
random laser is stable, with no slowly varying side-lobes [18].
The narrowest and most stable line is obtained for a random
laser scheme with a single input FBG: its width varies only
slightly between 150 and 200 pm in the power range of 1-
3.5 W, with a tendency to saturation. The measurements also
confirmed that the Stokes radiation in all configurations is
quasi-continuous and linearly polarized: the measured polari-
zation extinction ratio is below -20 dB.

The solid lines on Fig. 5(a) are theoretical curves of spectral
broadening owing to SPM, which grows as the cubic root of
power (for large group velocity dispersion) [4,18]. The blue
curve corresponds to the FLM-based random laser, including
an additional spectral filter (04 = 500 pm) that describes the
experimental results for a TCF-based laser with FLM (blue
filled triangles) [18]. At the same time, it is close to the results
of this Letter for the TCF with two FBGs in different cores (red
filled circles). A slight correction of the filter width (to 650 pm)
in correspondence with the second FBG bandwidth (red solid
curve) makes the agreement slightly better. Relatively large fluc-
tuations of the linewidth measured at different powers may ap-
pear due to the influence of the Michelson interferometer
formed by two FBGs.

However, the experimental data (black filled squares) for a
TCF random laser with a single FBG (of 400 pm bandwidth)

are ~2 times lower than the calculated values (black solid
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Fig. 5. (a) Spectral width (FWHM) for the generated Stokes
radiation for TCF-based random Raman laser configurations with
different input reflectors. The solid lines are theoretical fittings at
corresponding parameters: 4 = 650 (red), 500 (blue), and 400 pm
(black); the dashed line corresponds to the configuration with a nar-
rowband filter (64 = 80 pm). (b) Generation spectra measured at
approximately equal output power for different configurations.
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curve). To fit the theory to the experimental data in this case,
one should assume a much more narrowband spectral filter
(namely, about 80 pm) than the spectral bandwidth of the in-
put FBG (~400 pm); see the dashed black curve on Fig. 5(a).
Thus, if two nearly equal FBGs terminate both cores of the
TCF, the laser linewidth is nearly described by the single-core
theory with Raman gain g n Kerr nonlinearity y coefficients
modified for the TCF, correspondingly. However, if one core
remains open, an additional filtering effect comes into play.
This effect is most probably introduced by the wavelength-
dependent transmission through one core of the TCEF, as de-
fined by linear coupling among cores, just as for the TCF-based
laser with the FLM coupled to one TCF core [18].

In conclusion, random lasing in a twin-core PM fiber with
one or two FBGs inscribed by a femtosecond laser in different
cores has been demonstrated. Femtosecond technology enables
introducing a precise shift between the FBGs along the fiber,
thus forming a Michelson-type interferometer within the com-
plex reflector. As a result, multiline generation with the width
of individual peaks below the OSA resolution (20 pm) has been
observed at the power level of 10 mW. This is similar to the
best results obtained when a Fabry—Perot interferometer is in-
troduced inside the open cavity of a random fiber laser [14], but
the implementation of our laser is much simpler. The proposed
scheme provides the opportunity for multi-wavelength gener-
ation with variable spacing or spectral selection of a single nar-
rowband line in a simple scheme, involving two FBGs inscribed
in a TCF with variable spacing and bandwidth. In the scheme
with a single HR FBG inscribed in one TCF core, narrow line
(<200 pm) linearly polarized laser generation has been ob-
tained. The linewidth is much more stable and narrow than
that for a TCF-based random laser with a fiber loop mirror
[18]. The comparison with theory shows that in the case of
a reflector (filter) put at only one core with the other core
of the TCF left open, the laser linewidth is much narrower than
the calculated values for a conventional SMF with the same
reflector that may be explained by additional filtering due to
the wavelength-dependent one-core transmission function of
the TCF with coupled cores. However, that is not the case
for nearly equal reflectors in both the cores when the SMF
theory nearly agrees with the experimental data for the TCF
with two FBGs at high powers whereas, at low powers, inter-
ference between the waves reflected from different FBGs with a
shift along the fiber results in additional modulation in the
spectrum.

Thus, the combination of random distributed feedback and
complex reflector based on refractive index structures inscribed
in a multicore fiber opens a new approach for tailoring the
output laser spectrum from a single narrow line to a complex
multiline spectrum, controlled by the spatial parameters of
FBGs inscribed in different cores.

The high-quality narrowband beams generated in multicore
fiber random laser configurations may find application in high-
power laser devices, multicore fiber sensing and shape measure-
ment techniques, and multicore transmission/amplification
of information signals, including multi-wavelength ones, low-
coherence interferometry, and other technologies. The demon-
strated line narrowing opportunities of such lasers may be used
for efficient frequency doubling and parametric generation,

Letter

thus increasing the operating wavelength range and potential
applications of random fiber lasers.
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