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Observation of a high grade of polarization
of solitons generated in the
process of pulse breakup in a twisted fiber
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Common optical fibers are randomly birefringent, which results in random polarization of the supercontinuum
(SC) generated in such fibers. Random polarization is undesirable for many applications of the SC. The formation
of solitons from a pump pulse is one of the principal mechanisms of SC generation. Fiber twisting mitigates the
random linear birefringence, which makes twisted fiber attractive for nonlinear applications. In this work we mea-
sured the polarization of solitons formed by the pulse breakup process. We found that a circularly polarized 1 ns
pump pulse introduced to a twisted Corning SMF-28 fiber produces solitons with a high grade of circular polari-
zation, while in a fiber without twist the polarization of solitons is random. © 2014 Optical Society of America
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1. INTRODUCTION

Supercontinuum (SC) generation was observed when pump-
ing by femtosecond [1-4], picosecond [5,6], and nanosecond
[7-9] pulses as well as with continuous-wave (cw) light
[10-12]. The nonlinear effects participating in SC generation
include self-phase modulation, four-wave mixing, high-order
soliton fission, modulation instability (MI), and stimulated
Raman scattering (SRS) [13]. The interplay between nonlinear
effects depends substantially on the pulse duration and the
fiber length. An important role in SC formation is played by
the pulse breakup process, resulting in soliton formation
and subsequent soliton self-frequency shift (SSFS). Pulse
breakup was observed in conventional fibers [14,15] and also
in photonic crystal fibers (PCFs) [16]. When pumping by
relatively long (>10 ps) pulses, MI, formation of solitons,
and SSFS are dominant at the initial stage of the process.
The process of MI starts from the noise affecting the pump
pulses, and therefore the SC presents phase and amplitude
fluctuations that lead to the degradation of the coherence
of the SC and also may lead to the degradation of its polari-
zation if the fiber length is longer than the beat length. The
degradation of coherence was studied numerically and exper-
imentally [17-20]. It was found that the degradation of coher-
ence depends strongly on the duration and wavelength of the
input pulse. In particular, shorter pulses were found to be less
sensitive to noise than longer pulses. A comparison of
experimental results with numerical simulations showed that
the observed coherence degradation is consistent with
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fluctuations in the injected peak power significantly higher
than the quantum limit.

Polarization properties of SC also are an important issue for
applications [21-25]. The continuum generated is generally
unpolarized, whereas many applications require a polarized
SC. A natural reason for polarization degradation is the
random residual birefringence that is always present in non-
polarization-preserving fibers. Efforts were made to generate
polarized SCs in high-birefringence fibers [21,22]. However a
numerical analysis of the polarization of an SC generated in
a weakly birefringent PCF undertaken in [23] shows that
the noise imposed on the pump pulse also leads to polari-
zation degradation. In the presence of noise, random
polarization was found even if the input pulse was polarized
precisely along one of the principal axes. The appearance of
an orthogonal polarization component was explained as a
result of the noise amplified by the vector MI. Experimental
investigation of the polarization properties of SCs confirmed
the previous numerical predictions about the SC polarization
properties [24]. The analysis of the polarization properties re-
quires solving the coupled generalized nonlinear Schrodinger
equations. However, only a few papers analyzed SC genera-
tion using these coupled equations [23-25].

The twist of the fiber induces circular birefringence and
also mitigates the residual linear birefringence, and both ef-
fects may affect the formation of solitons in the pulse breakup
process. The twisted fiber is attractive for nonlinear applica-
tions, because unlike a standard nonpolarization-maintaining
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fiber, where the polarization dependence of nonlinearity is
averaged out by the residual birefringence, the twisted fiber
behaves as a perfectly isotropic fiber [26]. The circular bire-
fringence induced by twist moves the polarization of a single
soliton to circular polarization during the propagation of the
soliton [27].

In this paper we investigate the polarization of solitons
formed as a result pumping by nanosecond-long pulses in a
standard twisted fiber. We pump the fiber by 1 ns pulses at
1549.5 nm and measure the average polarization of the result-
ing bunch of solitons centered at 1560, 1570, and 1580 nm.
When the twisted fiber is pumped by a circularly polarized in-
put pulse, the solitons are mostly circularly polarized with
about 90% of the power in the circularly polarized component,
while the polarization of solitons formed in a fiber without
twist is found to be random at any input polarization. Numeri-
cal investigations of the polarization of solitons show that the
polarization is distributed randomly close to the polarization
of the pump pulse; however, the average ellipticity is higher
than the ellipticity of the pump pulse. The dispersion of the
ellipticity gets smaller when the ellipticity of the pump is close
to circular.

2. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 1.

As a signal source we used a cw distributed feedback
(DFB) semiconductor laser emitting at a wavelength of
1549.5 nm. The cw signal is gated and amplified by the Er-
doped fiber amplifier (EDFA) to obtain pulses with about a
1 ns duration and maximum peak power of 150 W. The pulses
from the amplifier output pass through a polarization control-
ler (PC) and a polarizer to ensure a stable polarization state.
Rotation of the quarter-waver retarder QWRI1 allows us to
change the polarization ellipticity before launching the pulses
into the fiber. The fiber output is connected to QWR2, which is
actually formed by three loops of the fiber bent with a diam-
eter of 50 mm, and to a fiber polarization beam splitter (PBS).
QWR2 converts the right- and left-circularly polarized compo-
nents at the fiber output to orthogonally polarized linear com-
ponents. The angle between the axis of QWR2 and the PBS
was adjusted to be 45°. These elements convert the right-
and left-circularly polarized components at the fiber output
to orthogonally polarized linear components at the PBS out-
puts. The pulses at the PBS outputs are separated in time by a
delay line connected to port 1, and then using a 50/50 coupler
they are combined and launched to a monochromator. The
pulses are then detected by a photodetector and monitored
by an oscilloscope. The first pulse to be detected is that com-
ing from port 2 of the PBS, whereas the second pulse comes
from port 1 through the delay line. With this setup we are able

QWR2

Port 2
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Fiber PBS
Fig. 1. Experimental setup.

to measure the amplitudes of the left- and right-circularly
polarized components at any wavelength in one single shot.
A typical oscilloscope trace of the detected pulses is pre-
sented in Fig. 2. The ellipticity is calculated using the equation

p = tan-! (g . fg) )

where P, and P_ are the pulse amplitudes at the monochro-
mator output.

The technique has some ambiguity when the measured
ellipticity is low. The input pulse with any polarization can
be considered as a sum of two pulses, left-circularly polarized
and right-circularly polarized. Our measurement technique
separates the left- and right-circularly polarized components
so that they appear at port 1 and port 2, respectively, of the
PBS. The amplitude of the first pulse on the oscilloscope cor-
responds to the energy of all components with left-circular
polarization; the amplitude of the second pulse corresponds
to the energy of all right-circularly polarized pulses. So what
we measure is the average ellipticity in the bunch of pulses.
Hence, a bunch of linearly polarized pulses has the same 0
average ellipticity as a bunch of pulses whose ellipticity is
uniformly distributed around 0.

When the pulse at the fiber output is circularly polarized,
the amplitude of one of the pulses in the oscilloscope trace
is equal to 0. However, the minimal measurable amplitude
is restricted by the noise of the detector. We estimated the
maximal signal/noise ratio as 30, which gives us a maximal
measurable ellipticity of 35°. Hence, values of the ellipticity
higher than 35° cannot be distinguished from circular elliptic-
ity. However, at this ellipticity 97% of the power is in one cir-
cularly polarized component, and only 3% is in the orthogonal
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Fig. 2. Oscilloscope trace.
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Fig. 3. Ellipticity at the QWR1 output measured by our setup (solid

line); dashed line shows the ideal dependence of ellipticity on the
QWRI1 angle in the case of perfect measurements.

component. We calibrated our setup of ellipticity measure-
ment by measuring the ellipticity directly at the QWR1 output.
The result of this measurement is presented in Fig. 3. The an-
gle 0 corresponds to the linearly polarized signal at the QWR1
output. Note that the ellipticity of the signal at the QWR1 out-
put is equal to the angle of rotation of QWRI1 in the range —-45°
to +45°.

As the fiber, we used several spans of SMF-28, either
twisted or without twist.

As the next step, we measured the ellipticity at the fiber
output at low power, when the nonlinear effects are not
significant. As is well known, fiber twist induces circular
birefringence and mitigates the residual linear birefringence.
However, the linear birefringence of the fiber resulting from
bending is not cancelled by twist, and the diameter of the
cylinder on which the fiber is wrapped must be sufficiently
large [26]. The measurements of the dependence of the output
ellipticity on the input ellipticity show the effect of linear bi-
refringence in the fiber. As an example, Fig. 4(a) shows the
ellipticity at the output of a 218 m twisted fiber (5 turns/m)
wrapped on a cylinder with a diameter of 25 cm; Fig. 4(b)
shows the ellipticity at the output of a fiber of the same length
and twist wrapped on a 50 cm cylinder. For the 25 cm diam-
eter cylinder the effect of the linear birefringence can be
clearly seen, as the curve deviates substantially from the ellip-
ticity at the fiber input. However, for the 50 cm cylinder the
ellipticity at the fiber output is close to the ellipticity at the
fiber input. It means that there is no substantial effect of linear
birefringence in the latter case. The fiber without twist shows
dependence similar to that in Fig. 4(a). We used in our experi-
ments a 218 m twisted fiber wrapped on a 50 cm cylinder and a
fiber of the same length without twist.

3. RESULTS AND DISCUSSION

When pulses with a power of 150 W were launched into the
fiber, pulse breakup occurred and was followed by soliton
formation and SSFS. A typical spectrum at the output of
the fiber with twist is shown in Fig. 5. The strong peak at
16565 nm is due to SRS that has maximal amplification at
1660 nm for 1550 nm pumping.

Some small fraction of energy was measured for wave-
lengths shorter than the pump wavelength. The formation
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Fig. 4. Measured ellipticity at the output of the 218 m fiber (a) on a
25 cm spool and (b) on a 50 cm spool. The dashed line shows the input
ellipticity.

of a broadband spectrum is a complex process involving sev-
eral nonlinear effects. The different regimes of SC generation
can be distinguished by considering short (femtosecond) ver-
sus long (picosecond, nanosecond, and continuous wave)
pump pulses. The “long pulse” regime typically is considered
for long high-power pump pulses for which the soliton number
N > 10 [13]. The pulses considered here both in experiments
and simulations can be considered as long pulses. In this case
the effect of spontaneous MI dominates the initial stage of the
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Fig. 5. Spectrum at the fiber output.
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broadband spectrum formation. MI results in pulse breakup
and formation of short pulses that evolve finally to a bunch
of solitons and dispersive waves. The solitons are shifted to
longer wavelengths by SSF'S. The solitons with higher power
have a larger wavelength shift. The rate of spectrum shift is
inversely proportional to the fourth power of the soliton
duration or proportional to the square of the soliton power.
So the measurement of the pulse power against the wave-
length shift can give some additional useful information. Some
insight into the peak power of the pulses can be obtained by
measuring the transmission through a nonlinear optical loop
mirror (NOLM). The transmission through the NOLM depends
on the pulse power, which allows the estimation of the soliton
power. We used a NOLM with a 50/50 coupler in which the
nonlinear dependence of the transmission is achieved by
polarization asymmetry [28]. We used an SMF-28 fiber of
5 m length in the loop. The critical power of the NOLM
was calculated to be 2.4 kW. The transmission through the
NOLM for a 150 W pump pulse can be calculated to be of
the order of 1072. The transmission through the NOLM for
the broadband light at the fiber output is shown in Fig. 6.
We see very low transmission at the wavelength of the pump.
The transmission grows with the wavelength and reaches
about 50% at 1630 nm,; this shows that pulses shifted to longer
wavelengths have a higher peak power, which corroborates
the SSF'S mechanism. The measurement of the NOLM trans-
mission allows the assumption that the spectrum between
approximately 1560 and 1630 nm is formed substantially by
soliton-like pulses. In contrast, the transmission through the
NOLM for the Raman peak is low and indicates that this part
of the spectrum has a different nature.

Figures 7-9 present the results of the measurements of the
ellipticity at the fiber output. Input polarization is linear at
QWR angles of 0°, 90°, etc.; polarization is circular at —45°,
45° etc. For 1560 nm the average ellipticity at the output
of the twisted fiber usually is close to the input ellipticity, ex-
cept for some flattening of the dependence when the input
ellipticity is close to circular, for QWR1 angles of 45°, 135°,
and 225°. It can be seen that the radiation at the output of
the twisted fiber presents a high grade of polarization, at least
when the input polarization is circular. For an angle of QWR1
around 45°, about 90% of the output power is in the same cir-
cularly polarized component as the input pulse and only 10% is
in the orthogonal component. For 1570 and 1580 nm the flat-
ness of the dependence when input polarization is close to
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Fig. 7. Ellipticity at 1560 nm for (a) twisted fiber and (b) fiber with-
out twist. The dashed line shows the input ellipticity.

circular can be clearly seen. In Fig. 9(a) the output ellipticity
remains about 22° over a wide range of the QWR1 angle from
4° to 74°. After this the output ellipticity drops abruptly to
-17°. The module of the slope of the output versus input ellip-
ticity at input ellipticity equal to 0° was estimated to be 2 for
1570 and 1580 nm. For 1560 nm the module of the slope was
estimated to be about 1. The module of the slope of the input
ellipticity on the QWRI1 angle is equal to 1. From these data it
can be seen that the output ellipticity moves toward circular-
ity faster than the input ellipticity over some range of input
ellipticity close to 0°. For the fiber without twist both pulses
on the oscilloscope trace were approximately equal at any in-
put polarization. In this case Eq. (1) gives an ellipticity equal to
0. However, as was mentioned above, this just means that the
energies of the left- and the right-circularly polarized compo-
nents are equal. This value may correspond to linearly polar-
ized pulses or to randomly polarized pulses. There are no
physical reasons, however, to get linear output polarization
for any input polarization, so we can assume that the polari-
zation ellipticity of solitons is random at the output of the fiber
without twist for any input polarization. An additional proof of
the random polarization of the pulses is provided by the fact
that the ratio of the amplitude of the pulses in the oscilloscope
trace does not depend on the angle between the fiber PBS and
QWR2. For linearly polarized pulses this dependence has to be
clearly seen.
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Fig. 8. Ellipticity at 1570 nm for (a) twisted fiber and (b) fiber with-
out twist. The dashed line shows the input ellipticity.

To support the observation that the solitons may have an
ellipticity larger than the ellipticity of the pump, we calculated
numerically the ellipticity of the solitons generated in the
process of pulse breakup for different noises imposed on
the pulse. For this simulation we used the equations and pro-
cedure described in [27]. The equations take into account the
difference in group velocity between orthogonal circularly po-
larized components and the vectorial nature of the Raman ef-
fect in the fiber. We used as a pump a 30 ps pulse with 40 W of
peak power. After a distance of approximately 1 km the pulse
breakup results in the generation of a bunch of pulses. The
pulse with the highest amplitude was selected from the bunch
and represents the vector soliton we focus on. We investigated
its ellipticity. Figure 10 shows the distribution of the output
ellipticity for 50 shots. For this calculation we used f; =
0.2 ps/km and f, = 25 ps?/km, where $; shows the delay
between right- and left-circularly polarized components in
the twisted fiber. The value 0.2 ps/km corresponds to
5 turns/m,; p, is the group velocity dispersion, with the value
corresponding to that of standard fibers. Input polarizations
were equal to 0.4 (21.8°, black histograms in Fig. 9) and 0.9
(42°, white histograms). As we can see, in most shots the ellip-
ticity of the soliton was higher than the ellipticity of the input
pulse. For an input ellipticity equal to 0.4, the average output
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Fig. 9. Ellipticity at 1580 nm for (a) twisted fiber and (b) fiber with-
out twist. The dashed line shows input ellipticity.

ellipticity is equal to 0.54; for an input ellipticity of 0.9, the
average output ellipticity is equal to 0.95.

The calculations were done for different input polariza-
tions. The dependence of the average soliton ellipticity on
the input ellipticity is shown in Fig. 11. The calculations show
some tendency for solitons to be generated with a higher
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Fig. 10. Statistics of the ellipticity of the solitons with the highest
amplitude.
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Fig. 11. Average output ellipticity versus input ellipticity; the squares
show the results of the calculation, and the solid line indicates output
ellipticity equal to input ellipticity.

ellipticity than the input pump pulse, as was observed in the
experiments. It has to be noted, however, that the experimen-
tal conditions were not exactly the same as those used for the
calculations, and for a more detailed comparison with the
experimental data, much more extensive numerical work is
required.

In conclusion, we showed that solitons generated in the
process of pulse breakup in a twisted fiber have a high grade
of polarization if the polarization of the input pulse is circular,
while for solitons generated in the same fiber without twist,
the polarization is random. Numerical calculations show that
the polarization ellipticity of the solitons at the fiber output
tends to be higher than the polarization of the input pulse. Ex-
perimental results show this tendency at input polarizations
close to linear.
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