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Abstract: We studied the properties of ultra-narrow spectral modes, appearing in random distributed
feedback Raman fiber lasers, for different fibers building up a laser cavity. Fibers with different
nonlinear coefficients and dispersion were employed to obtain the generation. Ultra-narrow modes
were observed in all fibers except those with the smallest dispersion. We measured the mode
parameters, such as the average lifetime, as well as the maximum averaged output power that can
support the ultra-narrow generation. The comparison revealed that the modes were more pronounced
in high-dispersion fibers. Based on this comparative study, we conclude with the importance of the
nonlinearity-dispersion interplay for regime stability.
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1. Introduction

Laser generation in fiber lasers with random distributed feedback, with a reflective
element not localized but randomly distributed in space, is attractive due to its simplicity
of implementation (if, for example, the inherent Rayleigh scattering in each fiber is used),
outstanding lasing parameters, and variety of regimes achieved [1,2]. Rayleigh scattering
by natural or artificial inhomogeneities plays the role of an array of random interferometers,
which makes it possible to obtain narrow-band and single-frequency lasing [3,4]. A set
of fiber Bragg gratings can also be used as a random reflector [5,6]. On the other hand,
Raman lasers based on Rayleigh scattering become worthy rivals to standard Raman
fiber lasers with point feedback, due to their high efficiency [7,8], and the possibility
of obtaining high output powers [9,10] simultaneously with the ability to obtain lasing
at various wavelengths [11,12]. The use of long sections of fibers as resonators, which
provide a noticeable amount of integral backscattering, makes it possible, without the use
of additional filter elements, to increase the brightness of multimode laser sources due to
the effect of optical cleaning [13]. Due to low temporal coherence, laser radiation can be
used to generate random numbers [14,15], temporal ghost imaging [16], and speckle-free
imaging [17] and is considered a promising source of radiation for inertial thermonuclear
fusion [12]. The typical values of the generation spectrum width of a random fiber Raman
laser high above the threshold are a few nanometers, which at a wavelength of 1.5 um,
correspond to a characteristic correlation time equal to the inverse spectrum width of the
order of 1-10 ps.

Recently, it was shown that a random fiber Raman laser can generate radiation with
a significantly higher degree of coherence. The regime is observable near the generation
threshold and leads to the generation of many narrow spectral modes arising simulta-
neously, each having a linewidth of less than 3 MHz [18]. The position of each mode in
the spectrum is random, and modes exist for a limited time (about 1-10 ms). Notably,
similar regimes imposed by Rayleigh backscattering causing random cavities are more
easily observed in other types of random fiber lasers. For instance, the regime is found
in a random laser with gain, owing to a semiconductor amplifier, in which modes also

Photonics 2023, 10, 1225. https:/ /doi.org/10.3390/photonics10111225

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10111225
https://doi.org/10.3390/photonics10111225
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-8358-5598
https://doi.org/10.3390/photonics10111225
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10111225?type=check_update&version=1

Photonics 2023, 10, 1225

2 0f9

appeared for short times of the order of 1 ms, with the measured mode width being less
than 10 kHz [19,20], as well as in random stimulated Brillouin scattering fiber lasers, which
generate radiation with a spectral width down to several hertz [21].

The narrow-mode generation regime, appearing in random fiber Raman lasers, is
possibly applicable to super-resolution spectroscopy [22]. In this technique aiming to
reconstruct a fine spectral response of an object under study, the moderate resolution of a
spectrum analyzer is significantly enhanced, with repetitive measurements using a narrow-
band irradiation source. Importantly, the wavelength of the source must be changed either
deterministically, or randomly, across the spectral range of interest, making the random
Raman fiber a good candidate in these applications.

Since the regime is not easily achieved in all configurations of a random fiber laser
with Raman amplification, the relevant question concerns the conditions needed to achieve
one, as well as to increase the mode’s output powers, lifetime, and occurrence frequency.
In particular, the issue of processes leading to the destruction of the regime with the
transition to broadband generation with a continuous spectrum is of great importance. In
reference [19], a model was proposed according to which the lifetimes of individual modes
are apparently determined by external factors, such as thermal or acoustic noise, leading to
the restructuring of random resonators. However, their effects have marginal dependence
on pump power and cannot lead to the cessation of the generation of narrow lines, while
narrow-band lasing occurs only in a certain region near the threshold [18]. Considering
that, high above the threshold, the shape of the spectrum is determined by the nonlinear
process of four-wave mixing [23], it can be assumed that the generation of narrow modes is
destroyed due to nonlinear interactions [24]. However, a detailed picture of the processes
leading to the disappearance of the generation regime of narrow modes remains unclear.

In this work, we performed a comparative study of the narrow-mode generation
in random lasers based on fibers with different parameters, such as the Kerr nonlinear
coefficient and dispersion. This allowed us to highlight the importance of particular
nonlinear processes that define the properties of the narrow modes.

2. Materials and Methods

We employed the random fiber laser scheme with forward pumping (see Figure 1) to
study narrow-mode generation in different types of fibers. A fiber Bragg grating with a
central wavelength of 1550.3 nm and a spectral width of 0.3 nm was placed at one side of
a fiber spool to reduce the lasing threshold. A quasi-continuous wave Raman fiber laser,
operating at a wavelength of 1455 nm, pumped the cavity through a wavelength-division
multiplexer. The output radiation of the pump laser had a spectral linewidth of ~0.2 nm,
with fully uncorrelated spectral components, which is typical for long fiber lasers. Thus, the
time domain characteristics of the laser are typical for the uncorrelated light source, which
is the stochastic temporal behavior with a typical correlation time of ~35 ps. At the forward
output (co-directional with the pump wave), another wavelength-division multiplexer
1455/1550 nm was placed, to remove the undepleted pump from the system. The WDM was
followed by the powerful isolator to eliminate backscattering of the signal from the edge
of the output connectors and the measurement system, and to ensure the purely random
nature of the feedback forming the resonator. The absence of parasitic backscattering at the
laser output was ensured using optical time domain reflectometry measurements.

We examined the lasing characteristics of random fiber Raman lasers based on fibers
with different parameters. In addition to the conventional SMF-28e+ fiber (32 km, high
anomalous dispersion, D = 20 ps x nm~! x km™!), we tested Truewave RS fibers (10 km,
low anomalous dispersion, D =4 ps x nm~! x km~1), Truewave XL (4 km weak normal
dispersion, D = —3 ps x nm~! x km 1), Corning MetroCore (22 km, average normal disper-
sion, D = —7 ps x nm~! x km™1), Truewave Reach fibers (10 km, D =7 ps x nm~! x km™1),
as well as dispersion compensating fiber (DCF) spools (3.5 km extra high normal,
D = —142 ps x nm~! x km™!). Notably, although lengths of the fibers forming the
resonator were different, the power values for the threshold pump were comparable in all
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cases. All the estimated parameters of the fibers are summarized in Table 1. The recapture
factor connecting the Rayleigh losses and the Rayleigh backscattering values had approx-
imately the same value of 0.002 for all fibers under consideration, except the DCF fiber,
which had a larger numerical aperture and, thus, a larger recapture coefficient of 0.006.

Powermeter
Random laser

Fiber spool

FBG, 1550.35 nm

P

Scope

Figure 1. The experimental setup: FBG—fiber Bragg grating, WDM—wavelength division multi-
plexer, ISO—isolator, LO—local oscillator, OSA—optical spectrum analyzer.

Table 1. Parameters of the fiber spools utilized for a signal at 1550 nm.

Kerr

Fiber Type Le11(1 gth, Dlsp2‘51011:;n4 Nonlinearity, Aeffz' L(;ises,
m ps X nm~—* X W-1 x km-1 pm 1/km
SMEF-28e+ 32 20 1.1 85 0.05
Truewave RS 10 4 1.7 ~54 0.05
Truewave XL 4 -3 1.3 ~70 0.05
Corning
MetroCore 22 -7 1.5 ~50 0.05
Truewave Reach 10 7 1.7 ~55 0.05
Dispersion
compensating 3.5 —142 4.4 ~20 0.11
fiber (DCF)

To establish the generation of localized modes, we used the grating-based single-pixel
spectrometer Yokogawa AQ6370D. The spectrum in this device is measured by rotating
the diffraction grating, which gives a low scanning speed (of the order of a nanometer
per second). If a localized mode appears in the output generation during scanning, it is
imprinted within the obtained spectrum with only a low probability; the generation of a
localized mode (with a duration of a few milliseconds) with a certain wavelength must occur
exactly at the moment when the spectrometer acquires power at this particular wavelength.
To overcome this severe limitation, measurements using the standard spectrometer were
carried out, in both the standard mode and in the “max hold” mode; to check the possibility
of observing rare events of the generation of narrow modes, spectrum measurements were
repeated 300 times, and for each wavelength, the maximum value of the spectral power
density was retained over the entire spectra set. This approach made it possible to further
confirm the presence of localized modes in the spectrum, as well as qualitatively compare
the frequency of their occurrence for different fibers constituting the random lasers.

We also used optical heterodyning to study lasing spectra with high temporal resolu-
tion. For this purpose, the output radiation, after spectral filtering using an optical filter
with a width of 4 GH at 1550.3 nm, was coupled with the radiation of a local oscillator—
a tunable semiconductor laser PurePhotonics PCL550 with a generation wavelength of
1550.3 nm, an instantaneous linewidth of 10 kHz, and a long-term linewidth of the order
of 2 MHz. The beat signal was measured using a balanced photodetector with a 20 GHz
bandwidth and an oscilloscope with a 1 GHz bandwidth. The calibration of the measuring
system using an auxiliary narrowband radiation helped in determining the amplitude-
frequency characteristics of the measurement system and, thus, the reconstruction of the
optical spectrum in a quantitative manner. To simplify the process of signal digitization,
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only a small part of the spectrum was derived, lying in the frequency band of ~60 MHz
next to the carrier frequency of the local oscillator.

3. Results and Discussion

The measurement results demonstrated that localized modes are observed not only in
the SMF-28e+ fiber, but also in fibers with lower dispersion values: Corning MetroCore
(D=—-7ps x nm~! x km~!), Truewave Reach fiber (D = 7 ps X nm~! x km™1), as well as
dispersion compensating fiber (DCF) spool (D = —142 ps x nm~! x km™!). At the same
time, however, in Truewave fibers with a small dispersion value (normal and anomalous),
the generation of localized modes was not observed (see Figure 2).
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Figure 2. The generation spectra at the pump powers next to the threshold powers for fibers with
different dispersion. Measurements are made in the “max hold” regime for: (a) Truewave XL
(4km, D= -3 ps x nm~! x km™1), (b) True Wave RS fibers (10 km, D = 4 ps X nm~! x km™1),
(¢) Truewave Reach fiber (10 km, D = 7 ps x nm~! x km™1), (d) Corning MetroCore (25 km,
D=-7ps x nm~ ! x km™1), (e) Corning SMF-28e+ (32 km, D = 20 ps X nm~! x km™1), and
(f) dispersion compensating fiber (DCF) spool (3.5 km, D = —142 ps x nm~! x km™1).

The difference in behavior may arise from the action of cross-phase modulation (XPM)
with the pump. Indeed, it is known that the main mechanism of spectral broadening in
Raman fiber lasers is the Kerr nonlinear process of four-wave mixing [23]. We can assume
that a narrow-modes regime is limited by effective energy transfer from intense modes to
other spectral components; it is implicitly characterized by the value of the nonlinear phase,
obtained due to the self-phase (SPM) and cross-phase modulation (XPM) processes. XPM
can occur due to an interaction either with other modes in the spectrum, or with a pump
wave. Since the intensity of the pump wave is much higher than that of the generation
modes, the XPM is much more effective per unit length. However, due to the significant
difference in group velocities between pump and generation waves, XPM with pumps
can occur only at the distance of walk-off length Ly [25]. Considering the pump spectrum
width A of about 0.2 nm, we acquire a characteristic coherence time T~A~! = 35 ps. Then,
the walk-off length is Ly = Tvg, X (vgp — vgs)’l X Ugs & T X (D X AN [24], where Ugs
and v, represent group velocities at generation and pump wavelengths correspondingly
and AA =95 nm is the difference in Stokes shift. The value of XPM with pump wave can
be estimated as an additional phase shift N =~ v X P X Ly~YPt X (D % AX)~1. For
Truewave RS and XL with small dispersion values it gives ¢n;.~0.5, for SMF-28e+ DCF
phase shifts are gy ~0.036, and @y ~0.004, respectively (y~1 W=! x km~! and P~1 W are
similar for all fibers except DCEF). In the first case, walk-off length is large enough for a
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nonlinear interaction to decompose the narrow modes indicated in the significant phase
increment; conversely, for SMF-28e+ and DCF fibers, the XPM with pump has a marginal
influence due to its fast walk-off, so the modes do present in the spectrum. The rest of the
fibers are characterized by moderate values of nonlinear phase increments, so modes are
observed, though not as often as in the SMF-28e+ fiber with high dispersion.

To test this hypothesis, we studied generation processes in SMF-28 fibers of different
lengths (11, 20, and 32 km). We found that, in fibers that are 11 km long, localized modes
are not observable; in fibers that are 20 km long, mode generation occurs with a low
probability compared to fibers that are 32 km long. Since increasing the fiber length leads
to a decrease in the lasing threshold (from 1.52 W to 0.8 W) and a decrease in the effects
of phase cross-modulation with the pump wave, we concluded that the ability to observe
localized modes was influenced by the magnitude of nonlinear interactions with the pump.

Increasing the dispersion makes it easier to observe the modes and increases the power
of each mode. Thus, an analysis of the instantaneous spectrum was carried out using the
optical heterodyne method, showing that, in fibers with low dispersion, narrow modes
are observed with worse contrast (see Figure 3a). Each mode is present together with a
wide spectral pedestal, which appears apparently due to the nonlinear broadening of the
spectrum. In lasers using fibers with higher dispersion, such as SMF-28e+ or DCF, the
modes are more expressed (see Figure 3b). At the same time, more power is concentrated
in each mode. Therefore, the stimulated Brillouin scattering (SBS) process occurs more
actively in these fibers, as the large fiber lengths, together with small linewidths of the
generated random modes, make the threshold of Brillouin scattering easy to overcome. In
its turn, the SBS ensures that the power of the narrow modes is transferred to the longer
wavelengths, thus a number of Brillouin Stokes modes at the red wing of the generation
spectrum appear (see Figure 2e). We have previously shown that SBS actually plays a
significant role in this lasing regime [26].
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Figure 3. The experimentally obtained spectrograms revealing narrow mode dynamics in different
fibers: (a) Truewave Reach (10 km, D =7 ps x nm~! x km~1). Mode prominence is 6 dB (b) DCF
(3.5km, D = —142 ps x nm~! x km~!). Mode prominence >15 dB. Spectrograms measured at the
pump powers of 1.79 W and 0.54 W correspondingly (next to generation threshold).

In fibers that support the generation of narrow spectral components, we measured
the characteristic lifetimes. To calculate these, we employed the optical heterodyning
method, repeatedly measuring the generation spectrum. Each measurement provided
the time dependence of a specific narrow portion of the generation spectrum, similar to
those shown in the spectrograms illustrated in Figure 3. In each spectrogram, a narrow
mode with strong intensity was identified, and the time-dependent power within a small
spectral range corresponding to that mode was derived. We defined the moments of mode
initiation and cessation as the instances when the spectral power reached twice the level of
background noise. Lifetime statistics were collected from 300 measurements for fibers with
a high probability of obtaining the narrow modes (SMF-28e+, DCF). For fibers in which
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modes were observed less frequently (Truewave Reach, Metrocore), statistics were collected
from several measurements.

We found that lifetimes depended only slightly on the type and length of the fiber. In
all cases, the characteristic lifetime of the modes was of the order of several milliseconds
(see two examples of probability distribution in Figure 4). Therefore, lifetimes can be
determined not only using nonlinear effects, but also by using other factors, for example,
using external noise, which leads to the restructuring of random microcavities [19,27,28].
It is noteworthy that profound differences in the dispersion between SMF-28e+ and DCF
fibers were not manifested in the modes’ lifetime at all.

D=-142 ps x nm~1 x km~?

D=20 ps x nm~! x km~1

Number of events
Number of events

2m 4m 6m 8m 2m 4m 6m 8m
Life time, s Life time, s

(a) (b)

Figure 4. Statistics for the lifetimes of the narrow modes acquired for different fibers: (a) SMF-28e+ fiber,
32km, D =20 ps x nm~! x km~1, and (b) DCF, 3.5 km, D = —142 ps x nm~1 x km™1.

We found that, in all lasers, the modes were observed in the same range of output
lasing powers (see Figure 5). This is consistent with the assumption that the generation
of narrow modes ceases to be observed at high lasing powers due to nonlinear effects.
To further prove the assumption, we can estimate the nonlinear phase shift added to
a mode amplitude owing to Kerr nonlinearity through SPM, indicating the degree of
influence of nonlinear interactions. The general formula for phase increment in this case is
¢ONL = f ¥ X I(2) X dz & ys-1-Legr, where I(z) is the mode’s intensity, z—fiber coordinate, and
Les—effective fiber length. As the mode evolves for typically N~20 double cavity passes
and its power can be estimated as 0.1-1 mW, we can conclude that Leg~NL and @np~0.1-1
indicate the major impact of nonlinear interactions. Note that a more accurate calculation
of a maximum output power supporting nonlinear generation should take into account the
influence of dispersion, which reduces the efficiency of the four-wave mixing process.
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Figure 5. Output generation power as a function of pump power for four fiber spools, supporting
the well-pronounced generation of the narrow modes. Dashed lines—the upper bounds of the range
of output powers corresponding to the narrowband generation.

Finally, we estimated the impact of nonlinear effects by means of numerical simu-
lations. For this, we performed a numerical simulation of laser generation in the fiber
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under study, just above the threshold. The employed numerical model [29] is based on
the solution of a system of coupled nonlinear Schrédinger equations. The system is solved
using a split-step method with iterative procedures, and output characteristics (spectra,
etc.) are saved after every full cavity pass. The model takes into account all major phys-
ical processes: Raman gain, distributed optical feedback due to Rayleigh backscattering,
chromatic dispersion, nonlinear effects, and linear attenuation, but does not consider the
XPM between the pump and generation waves due to the extremely high computing time
consumption.
The system of coupled nonlinear Schrodinger has the following representation:

2 A+
PAS

)

aZ

77 "1

Here, indexes “s” and “p” are used for generating Stokes and pump waves, parameter
A is a complex field envelope, t is the time in a frame of reference moving with the Stokes
wave, z is a longitudinal coordinate being z = 0 for starting point of propagation, and z = L
at the other fiber end. Here, L is the fiber length, Av is the difference between the pump and
Stokes waves inverse group velocities, 8,, o, 7, g and ¢ are dispersion, linear attenuation,
and Kerr coefficients, respectively, and Raman gain coefficient and Rayleigh scattering
coefficient, respectively (the last two are functions of frequency w in the frequency domain,
so they should be treated as operands in temporal representation). The sign 4 denotes co-
and counter-propagating waves. The parameters used in the simulations were taken from
the technical datasheets of used fibers.

The value of the z-step is adaptive and, generally, there are several tens of thousands
of coordinate steps on each iteration. The phase of the backscattered field is set to be
d-correlated in space; a chosen point in the fiber reflects light with a fixed phase, statistically
independent of phases at different points. At the same time, the phases of the reflected
light are chosen to be “frozen” in time and do not vary from one iteration to another.

The term with nonlinear coefficient vy describes the self-phase, cross-phase (inside its
own spectrum), and four-wave mixing processes. In fact, these effects act together and
cannot be separated inside the employed numerical model, but their efficiency can be
estimated with the single parameter-nonlinear phase increment ¢y, described above. In
fact, for narrow modes, spectral broadening occurs due to four-wave mixing, i.e., energy
transfer from the pair spectral mode to two others [23]. We can identify the efficiency of
this process by estimating a value ¢nr. The cross-phase modulation between the pump
and generation waves can be described using the last term in the equations by omitting the
averaging of the interacting waves.

As a test of the model, we compared the threshold pump powers predicted through
the experiment and found good quantitative agreement.

For all fibers, the simulation predicts the presence of regimes of narrow generation,
even for fibers where modes were not registered experimentally. This can be explained by
the fact that the simulation does not consider an XPM with a pump wave and acts like an
additional proof of XPM-induced mode demolition in fibers with low dispersion values.

In Figure 6, a spectrogram for the simulation of lasing in SMF-28e+ fibers is presented
(pump power 0.98 W, total generation power 5.5 mW). The lifetimes of the modes were
2.6 ms, on average, which corresponded well to the experimental observations (Figure 4).
The modes have a spectral width of a single frequency mesh step equal to 0.35 pm. Knowl-
edge of the power distribution over the fiber during the simulation allows the calculation
of nonlinear phase increments due to SPM effects, which appear to be of the order of unity.
For example, for the narrow mode, presented in Figure 6b, the power I is 2.5 mW and the
lifetime T is about 2 ms, so the distance travelled in the fiber would be L.¢ =~ tc/n~400 km
with a nonlinear phase increment gn; = ys X I X Legg~1as s ~ 1 W1 x km~!. This
proves the importance of the Kerr nonlinearity, which starts to play an important role in
mode dephasing at higher output powers.
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Figure 6. (a) The numerical simulation of the dynamics of the spectrum for the SMF-28e+ (32 km)
fiber just above the generation threshold (pump power 0.98 W, total generation power 5.5 mW).
(b) Simulated temporal dynamics of the mode output power, indicating the maximum mode output
power of ~1 mW.

4. Conclusions

We have studied the generation of narrow spectral modes in a set of random fiber
lasers, based on fibers with different dispersion and nonlinearity. Narrow modes have
been detected for fibers with sufficiently high dispersion. In fibers with low dispersion,
modes were difficult to observe, which may be attributed to the strong impact of Kerr
phase cross-modulation with the pump wave. A comparison of the lifetimes of localized
modes for fibers with different dispersion was carried out, and it was found that the
lifetimes are the same in order of magnitude and do not depend on the dispersion value.
Moreover, the generation of narrow modes is observed in comparable output power ranges,
confirming the decisive role of nonlinear effects in the destruction of the mode. The
numerical simulations demonstrated a qualitative agreement with the experiment for high-
dispersion fibers and allowed us to estimate the nonlinear phase shifts for the modes,
supporting the assumption of its essential role in the modes’ regime disassembling.
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