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Abstract

Noise-like pulse generation in ring lasers in which the anomalous dispersion of the cavity fiber
is partially compensated by using a normal-dispersion fiber has been studied by numerical
simulation. Solitons moving in this cavity are periodically subjected to temporal compression in
the anomalous-dispersion fiber and expansion in the normal-dispersion fiber. It has been found

https://doi.org/10.1088/1612-202X/ace254

that in these lasers, stationary solitons become unstable and passive mode locking occurs
through the emission of bunched noise-like pulses consisting of chaotically evolving solitons.
The results are relevant to the development of noise-like pulse generation and methods for

controlling lasing regimes.
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1. Introduction

Fiber lasers are widely used in various fields of science and
technology due to their unique characteristics. At the same
time, they have significant potential for further development
and improvement. An important advantage of lasers of this
type is that they exhibit a wide variety of lasing modes.
Passively mode-locked fiber lasers can generate both single
pulses and various multisoliton structures [1-3].

Multisoliton generation is due to the quantization of the
intracavity laser radiation into identical individual solitons
[3]. The properties of the generated multisoliton structures are
determined by the nature of soliton interaction. Mutual repul-
sion of solitons in a laser cavity leads to harmonic passive
mode locking [4—6] (multi-soliton generation mode in which
the distances between all neighboring solitons are the same).

* Author to whom any correspondence should be addressed.

1612-202X/23/085101+7$33.00 Printed in the UK

Soliton attraction results in the formation of bound states of
solitons [7-14]. In this case, a pair of solitons forms a two-
soliton molecule with quantization of the binding energy and
distance between the solitons [12, 15]. An analogy has been
established [14] between the emerging soliton structures and
the different aggregation states of matter (the existence of
a soliton gas, a soliton liquid, a soliton glass, and a soliton
crystal).

Significant attention has been paid to the study of fiber
lasers generating noise-like pulses [16-27]. These lasers are
attractive as sources of high-energy pulses with a broad radi-
ation spectrum whose width can exceed that of the spectral
gain contour. In addition, the degree of coherence of the radi-
ation consisting of noise-like pulses can be quite low. These
lasers have potential for application in optical tomography,
optical radars, fiber-optic sensor systems, etc.

The dynamics of noise-like pulse generation seems para-
doxical. Although the solitons forming a noise-like pulse are
unstable structures that are in constant random motion and
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change, stochastically appearing in and disappearing from the
generation, the noise-like pulse retains its integrity as a well-
localized object moving in the laser cavity, which shows its
high sustainability and stability. This dynamics of noise-like
pulses has been found to be quite common in fiber lasers.

The mechanism of formation and stability of noise-like
pulses has been studied by numerical simulation [28]. It has
been shown that the cubic—quintic nonlinearity of the refract-
ive index of intracavity elements can lead to passive laser mode
locking in the noise-like pulse regime. This nonlinearity can
be achieved by using the nonlinear polarization rotation tech-
nique to produce nonlinear losses leading to passive mode
locking [29]. In this case, the parameters of the polarization
rotation system should be chosen so as to obtain the required
nonlinearity of the refractive index of intracavity elements at
which the stationary soliton regime is unstable, and from the
set of possible passive laser mode locking regimes, it is the
noise-like pulse regime that occurs. However, an easier way to
achieve this goal is to subject a complex multisoliton structure
to a periodic stimulus that disrupts the ordering of solitons in
the nonlinear system and leads to their stochastization and to
the occurrence of the noise-like pulse regime. The aim of this
work is to study the possibility of using this approach to imple-
ment the noise-like pulse regime in the case of passive mode
locking of a fiber laser. The periodic effect on the generated
pulse is achieved by forming a ring fiber laser cavity consisting
of anomalous- and normal-dispersion fibers. During the pas-
sage through the anomalous-dispersion fiber, the solitons are
compressed, and when passing through the normal-dispersion
fiber, they are stretched. Thus, the emerging structure of the
laser radiation is subjected to a periodic stimulus.

The article is structured as follows. In section 2, we present
the physical model and basic equations used to study the
dynamics of noise-like pulse generation. Section 3 is devoted
to numerical simulation of the generation of noise-like pulses
and a discussion of the results obtained. In section 4, we dis-
cuss the conditions for the formation of noise-like pulses in
real laser systems. The main conclusions are given in section 5.

2. Physical model and generation equations

The fiber laser under study is schematically shown in figure 1.
It includes a fiber amplifier (Amplifier), a nonlinear loss fiber
(NL) used to form an ultrashort pulse (localize the radiation
in a small volume of the laser cavity to increase the radi-
ation intensity), an anomalous-dispersion fiber (An Disp), a
normal-dispersion fiber (Norm/An Disp), which was some-
times replaced by an anomalous-dispersion fiber to compare
the lasing regimes for fibers with combined dispersion and
with only anomalous dispersion for the same laser paramet-
ers. Nonlinear losses can be associated with real saturable
absorbers [30-32], or with the nonlinear polarization rotation
technique [2, 33], or with nonlinear reflective mirrors [34]. Part
of the radiation is extracted from the resonator through an out-
put coupler.
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Figure 1. Schematic of the investigated laser. (An Disp) is a fiber
with anomalous dispersion and a nonlinear refractive index. (Norm
Disp) is a fiber with normal dispersion and a nonlinear refractive
index. (NL) is a fiber only with nonlinear losses.

To describe the evolution of the field E in the second (An
Disp) and third (Norm/An Disp) fibers, we use the following
normalized nonlinear equation [35]:

2
g—lg:iDi%—&—iqlE, (1)
where 7 is the dimensionless time related to the dimensional
time t as t=76¢ and the normalized intensity 7= |E|* is
the dimensional intensity I’ in units of Iy (i.e. I’ = IIy). The
numerical values of the dimensional quantities 6z and I are
chosen based on the convenience of the numerical simulation.
The first term in the equation (1) is related to the dimension-
less dispersion D; of the fiber refractive index, and the second
term is related to its dimensionless nonlinearity g. The dimen-
sionless dispersion D; is given by D; = B,L;/(201%), where 3,
is the dimensional second-order group-velocity dispersion of
the fiber medium and L is the length of the corresponding
fiber.

It is assumed that the third fiber can have an anomal-
ous dispersion equal to the dispersion in the second fiber
Djp = D3 > 0 or a normal dispersion D;; < 0 partially com-
pensating for the anomalous dispersion of the second fiber.
The degree of compensation is determined by the length of the
normal-dispersion fiber. In this case, a soliton is compressed
in passing through the second fiber, and is stretched in passing
through the third fiber. Thus, pulses are subjected to a periodic
stimulus. If a pulse consists of several solitons, the periodic
stimulus leads to their stochastization and the generation of a
noise-like pulse.

The dimensionless nonlinearity ¢ is defined by the expres-
sion g = yloLy, where -y is the dimensional nonlinearity of the
fiber refractive index. For simplicity of analysis, it is assumed
that this nonlinearity has the same value g, = g3 for both
fibers. The quantity ( is the normalized distance traveled by
the field (the sum of the distances traveled, each of which is
divided by the quadruple length of the fiber in which this dis-
tance was traveled). With this definition of (, the dimension-
less length 0¢ of each of the four fibers is 1/4, and the total
dimensionless length of the cavity is 1.
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The nonlinear losses o, arising in the fourth fiber (NL) are
modeled by the following dependence on the intensity I:

on =01 —pl+p2l, 2)

where the constants p >0 and p; > 0. At low intensity, the
nonlinear losses decrease with increasing intensity. At high
intensity, they increase. The nonlinear losses reach a minimum
at I = I,,, where I,, = p/2p,. The parameter o is chosen as
o1 = p*/4p,. With this choice, the nonlinear losses remain
positive for any intensity and vanish only for I =1,. The
chosen dependence of nonlinear losses on intensity is qual-
itatively similar to the corresponding dependence used in the
nonlinear polarization rotation technique [36]. The total lin-
ear cavity losses ¢ are determined by the linear losses o and
the linear losses due to the radiation output from the cavity o
(0 = 09 + 01). For simplicity of analysis, we neglect the dis-
persion and nonlinearity of the refractive index for the NL and
assume that the parameters p and p, are independent of the
parameters of the other intracavity fibers.

When the width of the radiation spectrum becomes compar-
able to the gain bandwidth, field gain analysis requires a more
accurate model than the quadratic gain-dispersion model. To
analyze the evolution of the field in the first amplifying fiber
(Amplifier) of length L, we use a model with a Gaussian gain
spectral profile. The change in the field spectral components
E, in the fiber amplifier is described by the equation [37]

OE,,

87( =gFuE,, 3)

where F', is the Gaussian spectral gain profile
F, =exp(—Dw?), 4)

and g is the gain for the central spectral component with w = 0.
For the profile (4), the full gain bandwidth Awy at half max-
imum F,,(0)/2 is given by Awy =2+/(In2)/D,. Taking into
account the influence of the spectral contour F,, on the gain
saturation leads to the following equation for the gain [38]:

a

T 1+ (b)27) [ FolEy|?dw’

g ®)
In the case of a narrow-band spectrum (F,, ~ 1), taking into
account the Parseval theorem, from equation (5) we obtain the
usual expression for the gain g = a/ (14 b [ |E|*d7) [36]. The
dispersion and nonlinearity of the refractive index for the amp-
lifying fiber are neglected.

3. Numerical simulation results and discussion

In the numerical simulation for the anomalous-dispersion
fiber, we used the following values for the physical paramet-
ers in the generation equations: y =3 x 1073 W~!Im~!, 3, =
0.015 ps2 m~!, L, =32m,D, =0.05,D; =4,and q» = 8 (for
6t =0.24 ps and Iy = 83 W). When using the third normal-
dispersion fiber, we set D;3 = —3.8 and g3 = ¢, to partially

compensate for the anomalous dispersion of the second fiber.
To confirm the effect on the radiation of the periodic stimu-
lus of fibers with dispersions of opposite signs, we also stud-
ied the case where the characteristics of the third fiber coin-
cided with those of the second fiber, i.e. D;3 = Dj» and g3 =
¢» (in this case, the discussed periodic stimulus is absent).
For the other parameters of the generation equations, the fol-
lowing values were used: a=1, b=0.2, 09 = 0.05, 01 = 0.2,
I, =2, p=0.2, and p, = 0.05. These values were chosen to
provide the best fit of the model to real noise-like pulse fiber
lasers [14, 39, 40]. The numerical simulation of the evolu-
tion of the radiation was performed using the standard split-
step fast Fourier algorithm based on the decomposition of
the nonlinear dispersive problem into nonlinear and dispers-
ive parts [36, 41].

Figure 2 shows the lasing regime in the case of anomal-
ous dispersion of both fibers (D;3 = Dy, and g3 = ¢3). In this
case for the selected laser parameters, the soliton gas regime
[14] occurs after a transient process. The individual solitons
shown in figure 2(a) are in constant motion relative to each
other due to their different carrier frequencies. Upon collision,
they are elastically reflected or pass through each other. The
solitons have high mobility so that they do not form bound
states (soliton molecules, crystals, and glasses, and informa-
tion sequences of bound solitons [12]). This is one of the typ-
ical generation regimes of passively mode-locked fiber lasers
[14]. Figures 2(b) and (c) show the instantaneous radiation
spectrum and the spectrum averaged over 2500 passes of the
radiation through the cavity. The width of the spectrum is
noticeably smaller than the width of the spectral amplification
band. It should be noted that for a soliton gas, the spiky single-
shot spectrum and the smooth averaged spectrum of solitons in
random motion are similar to the spectra for a noise-like pulse
(see figures 3(b) and (c)).

The situation changes dramatically when the third fiber
is replaced by a normal-dispersion fiber (D;3 = —3.8 and
q3 = q», see figure 3). In this case, the noise-like pulse
regime is observed. The solitons that form the noise-like pulse
(figure 3(a)) are in constant chaotic motion, continuously
appearing in and disappearing from the generation. Due to the
significant compensation of the anomalous cavity dispersion
by the normal-dispersion fiber, the mobility of the solitons
associated with their motion relative to each other decreases
markedly, and they form a bound state—a stable noise-like
pulse. Powerful solitons in the noise-like pulse acquire a signi-
ficant frequency chirp, leading to a significant spectral broad-
ening beyond the gain spectral bandwidth (see figures 3(b)
and (c)). As a result, the efficiency of their amplification
decreases, and they lose in competition with weaker solitons
with a smaller frequency chirp formed in the pedestal of the
noise-like pulse. With increasing intensity, these solitons suf-
fer the same fate as their predecessors, leaving the genera-
tion. This also explains the stability of the noise-like pulse:
all single solitons outside the noise-like pulse drop out of the
generation. Stochastization of solitons is associated with their
phase modulation—a nonlinear process that strongly depends
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Figure 2. Soliton-gas generation regime for D;3 = D> and g3 = ¢2.
(a) Intensity distribution I(7) and (b) the spectral distribution /., for
¢ =500. (c) Spectral distribution averaged over 2500 passes of the
radiation through the cavity. The dashed bell-shaped curve describes
the spectral gain profile (see equation (4)).

on the initial characteristics of solitons originated from noise
radiation.

To confirm that noise-like pulses are actually due to the
presence of alternating-sign dispersion fibers, rather than to
a reduction in average anomalous cavity dispersion, we per-
formed the following numerical experiment. We repeated the
numerical simulation of the noise-like pulse regime shown in
figure 3 changing the fiber dispersion values at ¢ =500 from
Dp =4and Dj3 = —3.8to D = D;3 = 0.1. With this change,
the total anomalous cavity dispersion equal to 0.2 was retained,
but there was no periodic effect on the radiation associated
with the different dispersion values of the fiber segments. As
a result, the noise-like pulse regime was transformed into the
well-known multi-pulse regime shown in figure 4(a) due to

(a)

200

(b)

(c)

</ o >
0
-20 -10 0 10 20
®
Figure 3. Noise-like pulse generation regime for D;3 = —3.8.

(a) Intensity distribution /(7) and (b) the spectral distribution of 1.,
for ¢ =500. The dashed curve shows the spectral gain profile.

(c) Spectral distribution averaged over 2500 passes of the radiation
through the cavity.

the quantization of radiation on individual dissipative solitons
[2]. Non-identity of solitons in figure 4(a) is related to their
weak interaction through soliton wings. The dependence of
the number of these solitons on pumping is the multihysteresis
dependence described in [3, 19, 42]. The width of the gener-
ated spectrum is approximately the same as that of the spec-
trum in figure 3. Thus, the presence of fiber segments with
alternating-signs dispersion plays a fundamental role in the
formation of noise-like pulses.

When Dj; =4 and D;3 = —3.8 are replaced by the normal
dispersion D;; = D;3 = —0.5, the regime of a single stationary
stretched pulse is established after a transient process. With
an increase or a decrease in the normal dispersion, the pulse
duration increases or decreases, respectively. In the case of
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Figure 4. (a) Established intensity distribution /() for anomalous
dispersion D;» = D;3 = 0.1. The initial distribution /() is shown in
figure 3(a). (b) Established intensity distribution /() for normal
dispersion Dj = Dj3 = —0.5.

two cavity fibers with opposite-sign dispersions, when passing
through the normal-dispersion fiber, the radiation distribution
evolves to the distribution shown in figure 4(a), and when
passing through the normal-dispersion fiber, the radiation dis-
tribution evolves to the distribution shown in figure 4(b). As
a consequence, due to this periodic change in the direction of
radiation evolution, the generation regimes shown in figure 4
are not achievable. In this case, a noise-like pulse regime
involving mixing of radiations from solitons with different
random phases is established after a transient process.

For the noise-like pulse, we also studied the first- and
second-order autocorrelation functions of the radiation
(Ai(1q) = [E(T)E*(T —15)dT and  Ay(74) = [I(7)I* (T —
74)dT, respectively). Figure 5 shows the normalized degree
of coherence of the pulse radiation |v(74)| = |A1(74)| [43]
and the autocorrelation function A, (7,). The obtained coher-
ence of the noise-like pulse (the height of the pedestal of the
function |y(7,4)|) is only 0.11. That is, the noise-like pulse is
low-coherence radiation. The pedestal value for A, (7) is 0.54,
which is close to the value (0.50) characteristic for Gaussian
noise.

Figures 6 and 7 illustrate the role of the normal-dispersion
fiber in radiation stochastization in the simplest case—the
single soliton regime at low pump a. Figure 6 shows the
temporal and spectral profiles of a single soliton after a

<|4,|>
<A2> 0.5 furrrremeesesees ' g _‘\

50

Figure 5. Averaged normalized correlation functions of the first
order |A;(74)] (solid curve) and second order A, (74) (dashed curve)
for the noise-like pulse shown in figure 3. The averaging was carried
out over 2500 passes of the radiation through the laser cavity.

(a)

100

(b)

Figure 6. Steady-state single-soliton regime for D;3 = Dj; and low
pump a =0.3. (a) Temporal intensity distribution and (b) the
spectral distribution for the single soliton.

transient process in the case of the third anomalous-dispersion
fiber (Dj3 = Dp2, q3 = q2). In this case, the discussed periodic
stimulus due to the difference in fiber dispersion is absent,
and the single soliton generation regime with unchanged para-
meters occurs. In figure 6(b), Kelly peaks are clearly visible
in the spectrum. The situation changes dramatically when the
third fiber is replaced by a normal-dispersion fiber. In this case,
the time and spectral profiles of the soliton change stochastic-
ally from pass to pass due to the periodic effect on the soliton
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Figure 7. (a) Time intensity distribution /() as a function of the
number of field passes through the cavity ¢ for the single soliton
regime occurring for D;3 = —3.8 and low pump a =0.3.

(b) Instantaneous spectral distribution of the radiation.

caused by the difference in frequency dispersion between the
second and third fibers. In this case, the spectrum of the soliton
is significantly broadened.

4. On the experimental implementation of the
investigated noise-like pulse regime

An erbium fiber laser is a possible candidate for the imple-
mentation of the noise-like pulse regime under study. A stand-
ard fiber (SMF 28) can be used as the second anomalous-
dispersion fiber (see figure 1, 8, = 0.015 ps>m~!, and ~ =
3 x 1073 W—'m™"). It is these parameters of the second fiber
that were used in the numerical simulation of the regime under
study. The anomalous cavity dispersion due to the second
fiber can be partially compensated by using as the third fiber
a dispersion-shifted fiber with normal dispersion 3, = —0.14
ps>m~! [14]. In the numerical simulation, the length of the
second anomalous-dispersion fiber was 32 m. To reduce the
anomalous cavity dispersion caused by this fiber by a factor of
20, as was done in the above numerical simulation, the third
fiber (with normal dispersion) should have a length of 3.26 m.

Passive laser mode locking required to concentrate radi-
ation in a small cavity volume in order to increase its intensity
for more efficient phase modulation of radiation due to Kerr
nonlinearity can be achieved using the nonlinear polarization
rotation technique, as well as real saturable absorbers and non-
linear reflecting mirrors. This creates the conditions for the
generation of radiation in the form of individual solitons in
an anomalous-dispersion laser cavity.

Of course, in the experimental implementation of the pro-
posed scheme for generating noise-like pulses, it is also neces-
sary to take into account the frequency dispersion of the amp-
lifier and the fiber that creates nonlinear losses. However, a
detailed calculation of a specific experimental setup is the next
necessary step in the preparation of the experimental imple-
mentation of the proposed scheme for generating noise-like
pulses.

Note that in [14], partial compensation of the dispersion of
an anomalous-dispersion fiber by using a normal-dispersion
fiber led to a threefold decrease in the total dispersion of the
anomalous cavity. The length of the anomalous-dispersion
fiber was 8 m. As a result, along with the soliton gas and
soliton crystal regimes, a radiation state similar to a liquid of
soliton clusters was obtained in an erbium laser. In this state,
the solitons fill only part of the available cavity space and are in
motion relative to each other. At the same time, solitons still
retain a certain ordered structure at small distances (several
soliton lengths). This laser can serve as a prototype for a noise-
like pulse laser in which there is no intersoliton structure. An
important condition for the efficient generation of noise-like
pulses is the closeness of the frequency of the periodic stim-
ulus applied to the radiation due to the passage of the field
through fibers with dispersions of opposite signs to the char-
acteristic frequency of relaxation oscillations of solitons that
form the generated pulse.

5. Conclusion

In this work, we studied a new method of noise-like pulse gen-
eration in passively mode-locked fiber lasers. The proposed
mechanism of pulse generation involves the effect of a peri-
odic stimulus on a pulse as it alternatively passes through
anomalous- and normal-dispersion cavity fibers: solitons are
compressed in the anomalous-dispersion fiber and stretched in
the normal-dispersion fiber. The temporal and spectral para-
meters of the generated noise-like pulses were determined,
and first- and second-order auto-correlation functions were
calculated. The degree of coherence of the noise-like pulses
was found to be low, which opens the way to the develop-
ment of incoherent lasers based on these pulses. The results
help to understand the mechanisms involved in the genera-
tion and stabilization of noise-like pulses in fiber lasers. These
lasers are attractive for generation of low-coherence noise-like
pulses and have significant potential for use in applications that
require speckle-free images, in optical tomography, fiber-optic
sensor systems, etc.
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