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a b s t r a c t

We study experimentally the polarization of the radiation resulting from the pulse break-up process in a
SMF-28 twisted fiber. The fiber twist causes circular birefringence and also mitigates the linear bi-
refringence. The twisted fiber may be considered for nonlinear effect as fiber without linear bi-
refringence, which allows the investigation of polarization properties which cannot be studied in com-
mon fibers because of the random residual birefringence. We found that the polarization of the formed
solitons is more stable when the input pump polarization has elliptical polarization with big angle of
ellipticity. At input polarization close to linear we observed that the polarization ellipticity angle tends to
be higher than the polarization ellipticity angle of the input pump. The fluctuation of the polarization
grows when the input polarization approaches to the linear.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Solitons as the exact solution of the Nonlinear Schrödinger
Equation (NLSE) can be found for linearly or circularly polarized
light [1] in fibers without birefringence. In practice the polariza-
tion is not conserved along the fiber because of fiber birefringence.
However, even in the fiber with birefringence the pulse can pro-
pagate stably in the form of the vector soliton. The concept of
vector soliton has been intensively discussed. It was shown that
the nonlinear coupling between orthogonally polarized modes
allows their envelopes to propagate without temporal walk-off
forming the so-called group-velocity locked vector soliton [2, 3].
Also the phase locked vector soliton was found [4, 5]. The concept
of the vector solitons was considered for fiber lasers [6–8]. In the
papers cited above a single vector soliton propagating in the fiber
was discussed.

A pulse with power much higher than the soliton in a fiber
with anomalous dispersion becomes instable and transforms into
a number of solitons. The initial dynamic of this process depends
on pulse duration and for long pulses (ps and longer) modulation
instability plays an important role. In the time domain, these
processes induce a fast modulation of the pump envelope which
can subsequently break up into a train of femtosecond solitons.
The fact that the initial dynamics is seeded from noise results in
random fluctuation of the solitons parameters. The pulse break-up
is one of the principal mechanisms of formation of super-
continuum [9] and also may play important role in the formation
of noise-like pulses in fiber lasers [10–12]. The mechanism of the
formation of noise like pulses is not yet well established.

The polarization properties of vector solitons generated in the
break-up process have been investigated in relation with SC gen-
eration because the polarization stability can be an important is-
sue for applications [13–17]. Numerical simulations for the fiber
with low birefringence [13] show that the output polarization
depends randomly on the wavelength evenwithout imposed noise
if the input polarization is aligned at an angle of 45° to the slow
axis. When the input was linearly polarized close to the slow axis
the SC output had the slow axis polarization dominant, with few
components present in the fast mode. However, for input polar-
ized close to the fast axis the output polarization was random. The
noise imposed on the pulse results in random polarization at the
fiber output. The fluctuations depend on pulse duration and be-
come lower when the pulse is shorter. The calculations were done
for pulses with durations of 150 fs and shorter.

A commonly accepted way to stabilize the polarization of SC is
the use of fibers with high birefringence [15, 17].However the
application of hi-bi fibers may be limited. One example is provided
by mode-locked fiber lasers where the principal mechanism of
mode-locking is nonlinear polarization rotation [18, 19]. Another
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way to provide polarization stability is introducing circular bi-
refringence by fiber twist. In combination with the linear bi-
refringence, elliptical birefringence results and causes a rather
complicated evolution of the polarization [20, 21]. However, if the
circular birefringence is much higher than the linear birefringence,
the linear birefringence is mitigated and the fiber has circular bi-
refringence. Moreover for nonlinear processes the twisted fiber
may be considered as a perfectly isotropic fiber [22] useful for the
investigation of nonlinear processes. The investigation of soliton
formation and soliton propagation in a twisted fiber may reveal
effects that are normally disguised by the presence of residual
linear birefringence.

However, there are only a few papers where the formation and
evolution of vector solitons in a twisted fiber were investigated.
One of the new effects discovered recently was reported in [23]. It
was shown theoretically that the polarization of Raman solitons
evolves towards circular during the propagation in a fiber with
circular birefringence if the vectorial nature of the Raman effect is
taken into account. The comparison of the polarization of the ra-
diation formed in a twisted fiber and in a fiber without in-
tentionally introduced twist was discussed previously in [22]. In
fibers without twist and hence with residual linear birefringence
the polarization was completely random at any input polarization.
In contrast, the polarization of the radiation in twisted fibers
shows some stability especially if input polarization is circular. It
was also suggested that if the input polarization is close to linear
the output polarization tends to have an ellipticity angle greater
that the ellipticity angle of the input pulse. In this paper ns pulses
were used for pumping. In that case the number of pulses formed
by pulse break-up is very large and the time separation between
pulses with different wavelengths is less than the pump pulse
duration. So the process of the formation of separate solitons was
not terminated.

In the present paper we used 0.7-ps pulses generated by a fiber
ring laser. The calculations show that for sub-ps pulses the longer-
wavelength part of the spectrum at the fiber output consists of
solitons separated in space. We measured the polarization of so-
litons at the end of a 500-m twisted SMF-28 fiber using a single
shot technique. This technique also allows measuring the fluc-
tuations of the polarization. To the best of our knowledge it was
never done before. We find that solitons have a more stable po-
larization if the input pulses have polarization close to circular. At
input pulse polarization close to linear the fluctuation grows sig-
nificantly and the output ellipticity tends to be greater than the
input ellipticity.
2. Experimental setup

The experimental setup is presented in Fig. 1a. As a source of
signal we used a mode-locked fiber ring laser based on nonlinear
polarization rotation, Fig. 1b. The laser cavity consists of a 3-m EDF
with normal dispersion and 10 m of the standard fiber Corning
SMF-28. The cavity also includes a WDM, the output coupler and
free space elements: a half wave plate (HWP), a polarization-de-
pendent isolator and a quarter wave plate (QWP). The configura-
tion is typical for soliton lasers. The length of the cavity is 14 m
with a total anomalous dispersion estimated as �0.25 ps2. The
rotation of the HWP and QWP changes the generation regime. We
used pulses with spectra shown in the Fig. 2a and Fig. 2b. In the
first case the spectrum bandwidth was 5.5 nm with 1544 nm
central wavelength and the autocorrelation function of 1.3 ps. The
spectrum assumes that the pulse may have some internal struc-
ture or chirp. The spectrum shown in the Fig. 2a is typical for
soliton lasers. The central wavelength is 1532 nm; bandwidth is
7.3 nm. The FWHM of the autocorrelation function is 0.4 ps.
The pulses from the laser were stretched by the 12-m SMF-28
fiber and then amplified by an EDFA with maximum amplification
of 150 times. The pulses from the amplifier output pass through a
polarization controller (PC), a polarizer, and a quarter wave re-
tarder (QWR1). Rotation of the QWR1 allows stable polarization
with desirable ellipticity at the input of the twisted SMF-28 fiber. It
has to be note that the spectra generated in the twisted fiber were
different for two regime of the laser. The pulse with spectrum
shown in the Fig. 2a generated the broadband flat spectrum con-
sisting of multiple solitons, while the pulse with the spectrum
shown in the Fig. 2b generated one or few number of well sepa-
rated solitons. The details will be discussed below. We used two
spans of the fibers with lengths of 500 m and 200 m. The fiber in
both spans were twisted with a twist rate of 7 turns/meter and
placed on a cylinder with a diameter of 46 cm. The dispersion of
the fiber is 25 ps2/km and nonlinearity is approximated by 1.5
(W-km)�1. For our purpose the linear birefringence has to be
mitigated by the fiber twist. To do this the circular birefringence
has to be much larger than the linear. It was shown [20] that the
twist introduces an optical activity proportional to the twist:

g L, (1)α τ=

where τ is the fiber twist rate. The coefficient g was calculated
from the elastooptic tensor for silica glass to be approximately of
0.16. This value depends slightly on the doping concentration.
However even for highly doped fiber it gives a good correspon-
dence with experimental results [21]. The difference between
refractive indexes for orthogonal circularly polarized beams is
defined by:
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where Δnc is the difference between refractive indexes for or-
thogonal circularly polarized waves. This equation yields the value
of Δnc equal to 1.7 10 6× − for a wavelength of 1.55 μm and a twist
rate of 7 turns/m. The beat length for the same fiber without
bending was measured as 15 m [25] that corresponds to a value of
Δnl for orthogonal linearly polarized beams equal to 10�7. Fiber
twist also causes polarization mode dispersion. It can be calculated
from:
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where k is the wave number. Using the dependence of the coef-
ficient “g” on the wavelength [26] we obtain that for the twist rate
of 7 turns/m the polarization mode dispersion is equal to 0.3 ps/
km.

Linear birefringence in single-mode optical fibers results also
from fiber bend [27]. For the bend diameter of 46 cm Δnl is equal
to 3.4 10 8× − . We can see that for our coil the circular birefringence
resulting from twist is at least one order of magnitude higher than
linear birefringence. However, there may be some additional ef-
fects such as additional stress in the process of coiling which can
causes the linear birefringence. However it is impossible to cancel
completely the linear birefringence and ellipticity of the pulse is
change slightly in the fiber. It is not very important for circular
input polarization because the polarization along all fiber length
remains close to circular, however in may be very important for
linear input polarization because even small ellipticity changes can
change the sigh of the ellipticity angle.

The fiber output is connected to a circular polarizer formed by
QWR2 and a polarizer. The QWR2 converts orthogonally polarized
circular components at the fiber output into orthogonally polar-
ized linear components. The linearly polarized components are
then splitted by a fiber polarization beam splitter (PBS). The pulses



Fig. 1. Experimental setup (a), the mode-locked fiber laser used in the experiment (b).

Fig. 2. Spectra of the laser pulses used in the experiment.
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at the PBS outputs are shifted in time by a delay line and then
using a 50/50 coupler they are combined and launched to a
monochromator. The delay between pulses was 65 ns, this value
was chosen in order to have the possibility to observe both pulses
without interference between them in single shot regime. The
pulses are then detected by a photodetector with a bandwidth of
800 MHz and monitored by an oscilloscope. The amplitudes of the
detected pulses are proportional to the orthogonally polarized
circular components at the fiber output. With this setup we are
able to measure the amplitudes of the left- and right-circularly
polarized components at a selected wavelength in one single shot.
The ellipticity is then calculated using the equation:

⎛
⎝
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⎞
⎠
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P P

P P
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where Pþ and P� are the pulse amplitudes at the monochromator
output. The details of the procedure of the ellipticity measurement
can be found in [24].
3. Results and discussions

Firstly we used the 500-m fiber and the pulses with spectrum
Fig. 3. Spectra at the 500-m fiber output at different input polarizations.



Fig. 4. Ellipticity angle of the output for 1545 nm, open circles, 1550 nm closed
circles, and 1630 nm, stars.

Fig. 5. Results of the single shot measurements at polarization angles of input
pulse þ5° (open circles) and �5° (closed circles).

Fig. 6. Results of the single shot measurements at linear input polarization (QWR
angle 90°).
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shown in the Fig. 2a. The spectra at the fiber output at different
ellipticity angles are shown in Fig. 3. We can see some difference
between the spectra depending on the input polarization. We
measured the output ellipticity at 1630 nm, 1550 nm, and
1545 nm. The wavelength 1630 nm lies in the range of the longest
wavelengths where intense signal exists at any input polarization;
1550 nm is slightly higher than the central pump wavelength, and
1545 nm coincides with the central wavelength. The dependences
of output ellipticity angle on the QWR1 angle are shown in Fig. 4.
For the QWR1 angle between 0° and 45° the ellipticity angle of the
pump pulse is equal to the QWR1 angle, and for QWR1 angle
between 45° and 90° the ellipticity angle is equal to 90° minus the
QWR1 angle. For all wavelengths we observe a similar dependence
with a flat top and a steep jump at the input polarization close to
linear (QWR1 angles 0° and 90°). The flat top was observed over a
wide range of the input ellipticity angle from 5° to 45°. At circular
polarization of the input pulse (QWR1 angles of 45° and 135°) the
ellipticity approaches 35° or -35°, which is close to circular po-
larization. Similar results were obtained for ns pump pulses [24]. It
was mentioned in that reference that the ellipticity angle at the
fiber output seems to be larger than the ellipticity angle of the
pump at polarization close to linear. For ps-duration pump this
effect can be seen very clearly.

Very interesting is the jump between positive and negative
ellipticities for input polarization close to linear. In order to ap-
preciate the details we made 30 single shot measurements at the
wavelength of 1630 nm for each ellipticity of the pump and cal-
culated the output ellipticity angle. Fig. 5 shows the results for
input pulses with an ellipticity angle of þ5° (open circles) and
�5° (closed circles). QWR1 angles are equal to 85° and 95° re-
spectively for these results. Solid lines show the reference of þ5°
and �5°. We see that for all measurements the solitons at the fiber
output have a polarization more elliptical than the pump pulse.
For a pump pulse ellipticity angle of 5° the average ellipticity at the
output is 22°; for �5° the average ellipticity is �20°.

At linear input pulse polarization we have found that all the
results can be separated into two groups, one with a positive el-
lipticity angle higher than 10° and another with a negative ellip-
ticity angle whose module is also higher than 10°, see Fig. 6. Be-
tween these groups we can clearly see the gap. The average el-
lipticity for positive ellipticity angles is 15.9°; the average ellipti-
city for negative ellipticity angles is �16.8°. None of the mea-
surements shows an ellipticity angle between þ10° and �10°.
However the average between all measurements will give an
average ellipticity of �0.45, which is very close to linear polar-
ization. A similar distribution of soliton ellipticities was probably
prevailing in the previously published paper using ns pulses as the
pump, where the ellipticity was averaged between a very large
number of solitons [23].

The single shot results for different ellipticity angles of the
pump pulse are summarized in Fig. 7. All points in this figure
except those at linear input polarization (QWR angle 90° and 180°)
are obtained by averaging 30 single shot measurements. For linear
input polarization we averaged separately the results with positive
and negative ellipticity angles.

The single shot results allow the calculation of the standard
deviation of the soliton ellipticity angles for different input ellip-
ticity angles. The result is shown in Fig. 8. Here we can see that the
standard deviation has a minimum when the input polarization is
circular (QWR1 angle is equal to 135°) and presents strong max-
ima when the input polarization is linear.

The results of our measurements show that the polarization of
solitons generated in the process of soliton fission is unstable even
in a fiber without residual linear birefringence. The instability



Fig. 7. Ellipticity of the solitons centered at 1630 nm.

Fig. 8. Dispersion of the ellipticity angle.
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Fig.9. Typical spectrum at the fiber output.
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Fig. 10. The dependence of the output ellipticity on the input for the 200-m fiber.
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grows strongly when the input pulse has linear polarization. The
minimum instability was observed at circular polarization of the
input pulse. It has to be noted that very similar results were ob-
tained for left- and right- elliptically polarized input pulses. The
fact that the polarization does not reach exactly the circular po-
larization even with circular polarization of the input pulse may be
attributed to the fact that the process of broad band spectrum
generation involves a complex set of nonlinear processes, not only
soliton formation. However our experimental technique does not
allow the separation of solitons from other components.

When the fiber ring laser was adjusted to have the spectrum
shown in Fig. 2b we were able to generate in twisted fiber a single
soliton moving to longer wavelengths by Raman SFS. We used the
200-m fiber for this set of measurements. The typical spectrum at
the fiber output is shown in the Fig. 9. The single soliton is cen-
tered at 1577 nm and has the bandwidth of 11.9 nm. This band-
width yields the soliton duration of 0.21 ps. The central wave-
length strongly depended on the pump power.

The dependence of the output polarization ellipticity on the
input is shown in the Fig. 10. We see fast change of the output
ellipticity angle from approximately left-hand circular to right-
hand circular when input polarization angle is change from �15°
to 15°. The measurements at polarization close to linear can be
complicated by even very small amount of linear birefringence
because of possible change of the ellipticity angle sign. We im-
plemented the measurements with linear input polarization. In
this set of the experiments we removed the QWR1 and rotated the
polarizer. The measurements at low power showed that the po-
larization at the fiber output oscillates between þ10° and �10°
depending on the input polarization angle. This gives the possible
range of the ellipticity oscillation along the fiber. The polarization
dependence on the input angle for the single soliton at the fiber
output is shown in the Fig. 11. We can see that the output polar-
ization angle (open circles) is change abruptly from approximately
�25° to 10° when the polarizer is rotated between �20° and 0°.
For the same polarizer angles the output ellipticity at low power is
changed only by 3° (closed circles). We can conclude that change
of the ellipticity of the pump pulse by 3° causes the change of the
soliton polarization by 35°, that is compatible with the switch
observed in the experiments with the 500 m fiber.

4. Conclusions

The results of the measurements of the polarization of solitons
generated in a twisted fiber by the break-up process show that the
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dependence of the polarization of solitons on the pump polariza-
tion is relatively flat at input ellipticity higher than approximately
15°–20° and fluctuation of the polarization is relatively small.
When input ellipticity approach to linear the fluctuation of the
polarization grows. We observed an abrupt change of the sign of
the ellipticity angle of soliton at input polarization close to linear.
The abrupt dependence of the ellipticity of solitons on the input
ellipticity assumes that at the input polarization close to linear the
solitons tend to have a larger ellipticity angle than the pump pulse.
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