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Abstract: We demonstrate the extraction of a single soliton from a bunch
of solitons generated by the pulse breakup effect. The bunch of solitons was
generated in a 500-m fiber pumped by 25-ps pulses. For the extraction of
single soliton from the bunch we use a nonlinear optical loop mirror
(NOLM). At its output we detected a pulse with full width at half-maximum
(FWHM) of 0.99 ps whose autocorrelation trace corresponds to that of a
soliton. Our results demonstrate that the suggested method can be useful for
soliton generation, and also for investigations of the initial stage of the
soliton formation process.
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1. Introduction

The nonlinear evolution of high-intensity optical pulses in optical fibers is a complex
phenomenon that has attracted the attention of researchers for more than two decades. In this
respect the nonlinear evolution in the region of anomalous group-velocity dispersion (GVD)
is of special interest due to the ability to excite solitons as a result of the interplay between
self-phase modulation (SPM) and anomalous GVD. This phenomenon was demonstrated by
Mollenauer et al. for the first time in 1980. They reported the narrowing of picosecond (ps)
pulses and the soliton generation in a fiber with anomalous GVD [1]. Later, very strong
narrowing of ps pulses was demonstrated in [2,3]. The strong narrowing was associated with
the periodic evolution of higher-order solitons. The inherent drawback of this pulse
compression is that the quality of the compressed pulse is poor since it is located on a broad
pedestal. At high power levels, higher order effects also play an important role in soliton
formation. The most important among them is the soliton self-frequency shift (SSFS) [4,5]. It
was shown that at the presence of SSFS high-order solitons decay into fundamental solitons
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[6,7]. The fission of the high-order solitons was investigated in different nonlinear regimes
and it was shown that it depends on the fiber dispersion, pulse duration, and chirp of the input
pulse [8-12].

On the other hand, in cases involving continuous wave and relatively long pulse pumping,
the effect of modulation instability (MI) seeds the formation of solitons by producing an
exponential growth of small-amplitude perturbations [13]. This effect causes the breakup of
the pump into short temporal pulses which in the presence of intrapulse Raman scattering, a
phenomenon responsible for the SSFS, are shifted to lower frequencies forming fundamental
solitons [14,15]. Numerical investigations show that pulse compression is the dominant effect
at the initial stage of the soliton formation for pulses shorter than approximately 10 ps — 20
ps. For intermediate pulse durations the pulse compression is also observed, but at high noise
power MI prevails. For the pulses longer than 100 ps the dominant effect is MI in seeding the
formation of solitons [16]. An important characteristic of the soliton formation is that in cases
involving high power levels the bound state of a high-order soliton no longer remains stable
during propagation, and as a result the multisoliton pulse decays into fundamental solitons.

In the last decade the supercontinuum (SC) generation has received great attention after
the demonstration of very wide optical spectra excited by intense optical pulses propagating
in photonic crystal fibers. Since then, several schemes have been reported in which femto-,
pico-, nano-second pulses and continuous wave were used for generating SC spectra [17-20].
MI, pulse breakup, soliton fission, SSFS, and four-wave mixing (FWM) are involved in the
SC generation. Many investigations reported to date have been performed to understand in
details the process of the SC formation, however because of the cascading effects and its
sensitivity to experimental conditions a detailed comparison of experiment and theory is
complicated. The investigations are commonly carried out using numerical simulations of the
nonlinear Schrodinger equation (NLSE) and by measuring of the optical spectra.

The extraction of solitons with desirable pulse duration from a bunch of solitons could be
useful for investigations of the soliton formation process and also for soliton generation. To
the best of our knowledge, the experimental demonstration of the extraction of soliton from
the bunch of solitons resulting from pulse breakup has not yet been reported. In this paper we
experimentally investigate the soliton extraction from a bunch of solitons generated by 25-ps
pulses in a fiber with anomalous dispersion. With the objective to obtain successful
extraction, we consider the use of a nonlinear optical loop mirror (NOLM) whose capabilities
for switching of solitons are already well-known [21-23]. In a previous work [24] we
numerically demonstrated that the NOLM can be designed to obtain high transmission for
solitons with specific duration, whereas solitons with shorter and longer durations are
rejected. Moreover, the dependence of the NOLM transmission on the soliton duration can be
shifted by amplification of the solitons before entering into the NOLM. This allows a
selective transmission of solitons with specific duration that can be used for the extraction of
a desired soliton.

In the proposed configuration we use a power symmetric NOLM which consist of a loop
with highly twisted low-birefringence fiber, and a quarter-wave retarder (QWR) located
asymmetrically in the loop that can be rotated in a plane perpendicular to the fiber to provide
polarization asymmetry. In previous papers, this NOLM design has demonstrated high
dynamic range, controllable transmission, and good stability during operation [25,26]. As a
particular case we experimentally investigate the evolution of a 25-ps pulse with soliton
number (N) in a range between 12 and 24. N is defined by the relation N=(Lp/Ln;)"?, where
LD=T02/Iﬂ2I and Ly;=( yPO)_J are the dispersion and nonlinear lengths of the pulse,
respectively. T is the half pulse duration at //e intensity point, 5, is the GVD parameter (in
ps’/km), y is the nonlinear coefficient (in W™'km™"), and P, is the peak power of the incident
pulse [27,28]. The pulse propagates through 500 m of the standard fiber with anomalous
dispersion where the pulse breakup occurs and a bunch of fundamental solitons is formed.
The resulting solitons are launched into the NOLM and the autocorrelation trace was
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measured at the NOLM output. The experimental results demonstrate that the proposed
configuration allows the extraction of a single soliton. For our particular case we report the
extraction of a pulse with full width at half-maximum (FWHM) pulse duration (Tgypy) of
1.46 ps, whose autocorrelation function closely corresponds to that of a soliton. Additionally,
a standard fiber of 1 km is inserted at the NOLM output for pulse shaping applications. At the
output we detect a soliton with Tryyy of 0.99 ps. Our results demonstrate that the suggested
method can be useful for soliton generation and also to investigate the initial stage of the
soliton formation process.

2. Experimental setup

Figure 1 shows a schematic of the experimental setup. In this configuration initial pulses at
1550 nm were generated by a figure-eight fiber laser (F8L) described before in [29]. The F8L
emits 25-ps pulses with peak power of ~1.2 W at a repetition rate of 0.8 MHz. The pulses
have nearly Gaussian waveform and the pulse energy is estimated as 32 pJ. These pulses are
amplified by an Erbium-doped fiber amplifier (EDFA-1) to achieve maximum peak power of
~20 W, and it is used to pump the Fiber 1. As the Fiber 1 we used 500-m SMF-28 twisted
fiber with a twist rate of 5 turns per meter. The SMF-28 has anomalous dispersion equal to 20
ps/(nm-km) at 1550 nm. The twist in the fiber is manually introduced in order to eliminate the
residual lineal birefringence, which is not controlled and can be changed with environmental
conditions. The twist in the fiber induces a circular birefringence a proportional to the twist
rate, a = gt, where g ~0.16 for silica fibers [30] and the twist rate 7 is measured in rad/m. At
strong twist, the evolution of polarization is dominated by the induced circular birefringence.
The value of the linear birefringence f;, = 2n/Lg = 0.4 rad/m was obtained from the measured
beat length of Ly = 15.7 m for the SMF-28 fiber [31]. At the twist rate of 5 turn/m the circular
birefringence can be calculated as 5.03 rad/m. We verified experimentally that the twist rate
of 7 turn/m as well as the 5 turn/m corresponds to the case of strong twist (a>>/;,).

The resulting solitons coming from the Fiber 1 are amplified by a second Erbium-doped
fiber amplifier (EDFA-2) to ensure that counterpropagating pulses in the NOLM loop have
amplitude equal or higher than that of the corresponding soliton. The pulses amplified by the
EDFA-2 pass through the polarization controller (PC) which is adjusted to obtain maximal
transmission through the linear polarizer (LP). Then, the linear polarization is changed into a
circular polarization state by the quarter-wave retarder (QWR2). The circular polarization is
required for appropriate operation of the NOLM. Finally the pulses are launched into the
NOLM made with 40-m SMF-28 fiber twisted with 7 turns per meter. The NOLM parameters
are adjusted to transmit the highest power soliton.

Zakharov and Shabat [32] investigated the statistics of solitons resulting from the pulse
breakup process. It can be expected from their results that the power of the highest soliton at
the end of the process has to be approximately four times higher than the power of the input
pump pulse. The model of the initial stage of supercontinuum generation, based on the results
of Zakharov and Shabat, corroborates reasonable well with experimental results [33] the
prediction of the model discussed in [32]. Thus, the highest soliton in our experiment is
expected to be about 80 W corresponding to a Tpyyy of ~0.78 ps. A 1-km SMF-28 fiber
(Fiber 2) is connected at the NOLM output for pulse shaping application.
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Fig. 1. Experimental setup used for the investigation of the soliton extraction.

One important property of this NOLM configuration is that the transmission can be easily
modified through rotation of the QWRI. For the particular case of the circular input
polarization the low-power transmission can be set to any value between 0 and 0.5 without
changing the critical power (the power required for the phase shift of m between
counterpropagating beams). It allows a very high contrast between high power and low power
transmission [34]. At this length the NOLM exhibits a selective transmission that can be
useful for the soliton extraction in a range between 0.4 and 1.87 ps. The EDFA-2 was made
with a short, 3-m fiber with high Erbium concentration to avoid nonlinear and dispersion
effects into the Erbium-doped fiber.

The operation of the NOLM for the soliton extraction can be described as follows. The
resulting solitons coming from Fiber 1 are amplified, circularly polarized, and launched into
the port 1 of the NOLM, where the symmetrical fiber coupler splits the beam into two beams
of equal amplitude transmitted through the ports 3 and 4 to the NOLM loop. The coupler does
not affect the polarization state, so the beam transmitted through port 3 is converted into a
linearly polarized state by the QWRI1 and propagates clockwise around the loop until it
reaches the port 4. We modeled the linearly polarized beam as composed by the sum of two
circularly polarized components and calculate its evolution using the circular polarization
basis for our computations, see Eqs. (1). The counterclockwise beam propagates around the
loop maintaining its initial circular polarization. We calculate its evolution with the same Eqgs.
(1) taking the initial condition A. =0. After passing through the QWRI it converts its
polarization state into linear and reaches the port 3. Finally linearly polarized beams are
recombined in the coupler, and the differential nonlinear phase shift between
counterpropagating beams determines if the pulse is transmitted or reflected. For calculations
we used the coupled-wave equations in the following form [35]

0A, ABOA, B oA,

2 4 i
oz 2 T 2 oT’ +‘§Y(|A+| +2|a A, (1a)

OA _ ABOA . B.PA

2 b )
5~ ar i ar g r(Al Al )AL (1b)

where A, and A_ represent the pulse envelope in the right- and left-circularly polarized states
respectively; z represents the physical distance; the parameter 45 represents the difference
between the inverse of group velocities of the left- and right-circularly polarized components.
This parameter is related to the twist rate through the relation 48 = B, /c, where c is the speed
of light and the normalized circular birefringence B, is defined by the relation B, = Ag/2x
[36]. For the twist rates of 5 and 7 turns per meter 4f is equal to 4.13 ps/km and 5.78 ps/km,
respectively; f, is the GVD parameter equal to —25.5 ps*/km that corresponds to a dispersion
parameter D of 20 ps/(nm-km) at 1550 nm; T represents the physical time in the retarded
frame, and y is the nonlinear coefficient equal to 1.62 W 'km™! obtained from the effective
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area of 81 um” and the nonlinear coefficient n,=3.2x10" m*W for the SMF-28 fiber.
Equations (1) are solved numerically with the split-step Fourier method. For the NOLM
calculation we simplify our treatment by excluding the Raman term because its contribution is
negligible for the short length of the NOLM loop.

Previously [24] we numerically demonstrated that the NOLM can be designed to obtain
high transmission for solitons with specific duration, whereas solitons with shorter and longer
durations are rejected. The range of soliton durations with high transmission depends on the
NOLM loop length and can be shifted toward longer soliton durations by amplifying the
solitons before entering into the NOLM. Figure 2 shows how the NOLM transmission
depends on the soliton duration considering linearly polarized solitons at the end of Fiber 1.
The simulation was made for the NOLM with the parameters used in the experiments,
assuming the amplification of the EDFA-2 between 1.5 and 9.

1.0
Amplification
of the EDFA-2
X15
—X2
X3

— X5
X9

0.8+

0.6

NOLM Transmission, a.u.
o
B

02 06 10 14 18 22 26 30
Soliton, T_,..,

Fig. 2. NOLM transmission considering different amplification values of the EDFA-2.

As we can see, the dependence of the NOLM transmission on the soliton duration is very
steep and can be changed just by adjusting the amplification of the EDFA-2. We can see that
the maximum of the transmission shifts toward longer solitons as the amplification increases
and the transmission drops abruptly for solitons with the duration shorter than some “critical”
duration corresponding to maximal transmission. For the amplification of 1.5, the maximum
transmission occurs for a soliton with duration of 0.40 ps, whereas for the amplification of 9
the maximum occurs for the soliton with duration of 1.33 ps. It should be noted that the best
performance can be obtained with the amplification of the EDFA-2 between 2 and 3 times.
These amplifications represent the special cases in which fundamental solitons with linear or
circular polarization propagate in the loop. For the amplification of 2 times the clockwise
pulse, after passing QWRI1, has the power corresponding to the linearly polarized soliton,
however the circular birefringence complicates the pulse evolution and it propagates almost
like a soliton, while the counterclockwise pulse propagates with circular polarization and
power lower than that corresponding to soliton (N</), undergoing dispersive effects. For the
amplification equal to 3, the counterclockwise pulse propagates as a fundamental soliton with
circular polarization, allowing complete transmission. The loop length (L) required for the
maximum of the transmission is associated with the dispersion length L, by the relation
L=5.7Lp [24]. In our case since we expect the formation of the highest solitons with duration
of 0.78 ps, the loop length is chosen to be equal to 40 m allowing almost complete
transmission for solitons around 0.78 ps.

3. Experimental results and discussion

When the pump pulse launched into Fiber 1 reaches a certain power level, it becomes
unstable during propagation and breaks up temporally forming a bunch of individual soliton
components. We investigate the soliton formation process using pump pulses in a range
between 5 W to 20 W of peak power. Figure 3 shows the autocorrelation traces at the Fiber 1
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output for 5 W, 9 W, and 20 W. The pulse energy of the pump pulses correspond to 133 pJ,
240 pJ, and 530 pJ, respectively.
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Fig. 3. Autocorrelation traces (blue line) at the Fiber 1 output at pump powers of: (a) 5 W, (b)
9 W, and (c) 20 W. The red line corresponds to the autocorrelation function of the input pulse.

It has to be taken into account that each autocorrelation trace represents an average of
many autocorrelation traces. Figure 3(a) represents the initial stage of the breakup with a
small number of high power peaks. As the pump power increases (Fig. 3(b)), the number of
high power peaks increases. However the pulse waveform is well defined and similar for all
pulses. It allows the detection of peaks in the averaged autocorrelation trace. Some
compression of the pulse envelope can be seen in the Fig. 3(b). Finally at higher power, Fig.
3(c), the averaged autocorrelation trace does not reveal the multiple peaks which mean that
each pulse forms a random soliton bunch. Figure 3(c) shows also the broadening of the
autocorrelation trace caused probably by the soliton self-frequency shift and the displacement
of the solitons with respect to the envelope. Below we show the extraction of a single soliton
for the cases corresponding to the Figs. 3(a)-(c).

3 10/

© Amplification of
c the EDFA-2
-% 0.8 4.8dB
c ——58dB
i 06 ~6.4dB
c

8

w 0.4

T

s

goz

2

3

<L

Time, ps

Fig. 4. Autocorrelation traces at the NOLM output at different amplifications of the EDFA-2.

Figure 4 shows the autocorrelation traces at the NOLM output for different amplifications
of the EDFA-2. The amplifications of 4.8 dB and 5.9 dB provide the transmission close to its
maximum value. Higher amplification results in fast decrease of the transmission due to the
shift of the transmission maximum toward longer solitons, see Fig. 2. The quantitative
comparison between the calculated dependencies in Fig. 2 and experimental results presents
difficulties because of loss in the polarizer that are not well known. Using continuous wave
light the polarizer loss is measured as 1.2 dB, however in the case of pulses the polarizer loss
increases up to 3.1 dB. We believe that this behavior is due to the small nonlinear polarization
rotation. We tried to use linear polarization to avoid this effect, however even small ellipticity
of the polarization may cause the nonlinear polarization rotation. Pulses with different power
undergo different nonlinear polarization rotation, and as a result the polarizer losses in
experiment are not well defined. In experiments we adjusted the best amplification observing
the autocorrelation traces at the NOLM output. Figure 5 shows the autocorrelation traces
corresponding to the soliton extraction for the three characteristic stages of the pulse breakup
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shown in Figs. 3(a)-(c). For these cases the amplification of the EDFA-2 was about 6.4 dB. In
the NOLM the QWRI is adjusted to have zero low-power transmission of the NOLM.

] 3 E

N Sech” profile - @ —— Sech? profil

S ! 3 profile

5 @ g 5 ©

I 0.8 I ‘g 0.8

=1 3 =

w 0.6 L w 0.6

g 5 E o)

E 04 g fu 0.4|

Lo2 g 2oz

g g 5

300 3 00 S 0.0

3 505 0 5 1015 3 5.0 -5 0 5 10 15 3 30 -20 -10 O 10 20 30
Time, ps Time, ps Time, ps

Fig. 5. Autocorrelation traces at the NOLM output corresponding to the cases shown in Fig.
3(a), Fig. 3(b), and Fig. 3(c) respectively.

It is interesting to note that at the initial stage of the pulse breakup (Fig. 3(a)) successful
extraction of a single soliton is achieved (Fig. 5(a)). We believe that this is possible due the
fact that the soliton bunch at the end of Fiber 1 consists of a small number of solitons with
high ratio between the amplitude of the strongest and the next pulse. As a result, it is
relatively easily to adjust the NOLM transmission for the extraction of a single soliton. From
this result a Tryyy, of 1.46 ps is estimated from the FWHM duration of the autocorrelation
trace (Tac) of 2.25 ps (Trwuy=0.648Tac). The average power at the NOLM output was 0.05
mW. Assuming that there are not dispersive waves at the NOLM output, we can estimate the
pulse energy using the measured average power and the frequency repetition rate to be equal
to 62.5 pJ. The maximum peak power is estimated as 37.8 W and the soliton number N is
estimated as 1.3. Indeed as it will be shown below the fraction of the dispersive waves is only
10% of the power. For the case shown in Fig. 5(b) the situation differs due to the increase of
the number of solitons. Solitons with duration slightly longer than that of the highest soliton
appear and the transmission of a single soliton is more complicate since the NOLM allows the
transmission of solitons whose duration is slightly longer than that of the highest soliton, see
Fig. 2. For this case the Tryy) is estimated as 1.21 ps from the autocorrelation trace duration
of 1.86 ps. This value represents a rough estimation since not exactly sech® profile is
observed. For the case shown in Fig. 5(c) the autocorrelation trace is similar to that shown in
Fig. 5(b). The Tryuy of the transmitted pulse is estimated as 1.3 ps from the autocorrelation
value of 2.01 ps. For the cases shown in the Fig. 5(b) and Fig. 5(c) the extracted pulses are
accompanied by low-power pulses, therefore it is not possible to obtain an appropriate
estimation of the peak power and consequently the soliton number and the pulse energy.

One of the interesting features of this NOLM configuration is the possibility to adjust the
low-power transmission by the QWRI1 rotation. We can adjust the QWRI1 angle in such a
manner that the transmission for low power has some value between 0 and 0.5. Figure 6(a)
shows two calculated nonlinear transmissions of the NOLM considering two different angles
of the QWRI. The red line shows the case in which QWRI1 is adjusted to have zero low-
power transmission. In experiments we obtained a transmission of —32 dB for the low-
intensity components. The blue line shows the transmission when the QWRI1 is rotated by 10
degrees. At this QWRI angle an increase of the power firstly results in the drop of the
transmission reaching zero and then begins to increase. This dependence allows the rejection
of respectively high power input pulses. Figure 6(b) and Fig. 6(c) show the autocorrelation
traces at the NOLM output for the cases discussed in Fig. 5(b) and Fig. 5(c) considering the
rotation of the QWRI1 by approximately 10 degrees with respect to the angle of zero low-
power transmission. As we can see, in both cases we reached the reducing of low-power
components by approximately 2 — 3 times. The transmitted pulses in Fig. 6(b) and Fig. 6(c)
have Trwmy of 0.91 ps and 0.87 ps respectively.
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Fig. 6. (a) Nonlinear NOLM transmission considering two different angles of the QWRI;
Autocorrelation traces at the NOLM output considering a QWR1 angle of 10 degrees with

respect to the angle of zero low-power transmission for the cases discussed in Fig. 5(b) and
Fig. 5(c) respectively.

One way to obtain fundamental solitons is to use the pulse evolution in a nonlinear
dispersive medium. For low-intensity pulses (N<1) dispersion effects dominate and give rise
to pulse broadening, whereas for pulses with higher soliton number (N>1) the nonlinearity
dominates, and the pulse experiences a narrowing effect defined by the input power. Besides,
it has also been demonstrated that if the pulse does not correspond exactly to an optical
soliton for N in the range between 0.5 and 1.5, the pulse adjusts its shape and width as it
propagates along the fiber and evolves into a fundamental soliton [27,28]. We launched the
pulse from the NOLM output into the 1-km SMF-28 fiber (Fiber 2) used as nonlinear
dispersive medium. Figure 7 shows the autocorrelation trace at the Fiber 2 output considering
as the Fiber 2 input the 1.46 ps pulse at the NOLM output shown in Fig. 5(a). For this case,
the length of Fiber 2 corresponds to 37 times the dispersion length for the 1.46 ps pulse.
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Fig. 7. Autocorrelation trace at the output of the 1 Km fiber.

The Trwuy for this pulse is estimated as 0.99 ps. The peak power for the 0.99 ps soliton
can be calculated using the fiber parameters as 50 W and the pulse energy is calculated as 56
pJ. If we calculate the pulse energy as the average power divided by the repetition frequency,
the pulse energy at the Fiber 2 input will be found as 62.5 pJ. The difference in energy
appears because of the dispersive waves increasing average power. From these data we can
conclude that 90% of the power at the Fiber 2 output is in form of a soliton, and only 10% is
in form of dispersive waves. The total average power at the Fiber 2 output is 0.05 mW. Thus,
the average power of the dispersive waves can be estimated as 5 pW and the contrast between
the soliton peak power and average power of dispersive waves is 70 dB. For the case of Fig. 7
we have measured the energy at the NOLM input equal to 350 pJ. Respectively the ratio
between the energy of the 0.99-ps soliton and the energy of the pulse at the NOLM input is
0.16. This value can be considered as part of the input energy corresponding to the highest
soliton in the bunch of solitons.
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4. Conclusions

We experimentally investigated the transmission of a bunch of solitons resulting from pulse
breakup through a NOLM and found that under some conditions a fundamental soliton can be
extracted. For our particular case, we used 25-ps pulses with the corresponding soliton
number N in a range between 12 and 24 to generate a soliton bunch in the 500-m standard
fiber. Then we used our NOLM proposed earlier to extract a single soliton from the bunch.
The experimental results demonstrate that with the proposed configuration the extraction of
individual soliton can be done. We observed the transmission of the highest soliton through
the NOLM and strong rejection of solitons with lower power. The contrast between the
soliton power and average power of dispersive was estimated as 70 dB with only 10% of the
dispersive wave fraction in the total power. Our results demonstrate that the suggested
method can be useful for soliton generation and also for investigations of the initial stage of
the soliton formation process.
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