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Abstract: We report the experimental observation of the polarization modulation instability
(PMI) effect in all-normal dispersion (ANDi) microstructured optical fibers (MOFs) with quasi-
continuous pumping. The small unintentional birefringence (~107%), that any realistic non-
polarization maintaining MOF exhibits, contributes to this nonlinear effect. PMI can produce
two sidebands whose polarization state is orthogonal to the polarization of the pump. In
this work, only one type of PMI process is observed, i.e., when the pump is polarized along
the slow axis of the fiber and sidebands are generated in the fast axis mode. This PMI
process was studied experimentally in two ANDi fibers with different dispersion features and
pumped with long (700 ps) pump pulses at 1064 nm. Experimental results are compared
with theoretical calculations, with reasonably good agreement.

Index Terms: Microstructured optical fibers, Chromatic dispersion, Fiber nonlinear optics,
Four-wave mixing, Optical polarization.

1. Introduction

Polarization modulation instability (PMI) is a form of modulation instability that affects the polarization
state of light that propagates through the fiber [1]-[4]. PMI can exist in weakly birefringent optical
fibers, but also in isotropic fibers with almost zero birefringence [5]. In weakly birefringent fibers, the
effect occurs when one of the linearly polarized eigenmodes (fast or slow) of the birefringent fiber is
excited with an intense optical pump signal. Some remarkable aspects of this nonlinear effect are: (i)
the polarization state of the light generated through PMI is orthogonal to the polarization state of the
pump signal, and (ii) it can occur even when the fiber is pumped in the normal dispersion regime. For
this nonlinear phenomenon, the contribution of the fiber birefringence to the linear phase mismatch
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plays a major role in the phase-matching condition [1]-[4]. PMI features in weakly birefringent fibers
pumped in normal dispersion are quite different depending on whether the pump is polarized along
the slow or the fast axis of the fiber. In the first case, PMI produces sidebands separated from the
pump regardless of the pump power. For fast axis pumping, a low-power threshold exists for PMI
generation, the gain profile only shows sidebands detuned from the pump at high pump powers,
and the gain at zero detuning does not vanish regardless of the pump power level [1]-[4]. The first
experimental observation of PMI in low-birefringence optical fibers pumped in normal dispersion
was reported in 1995 [2]. Experiments were conducted with conventional single-mode fibers that
were pumped with intense red pulses in the normal dispersion regime. Weak birefringence was
introduced in the fibers by fiber bending.

Frequency detuning of PMI sidebands depends on the fiber birefringence as shown in [2], but
also on the chromatic dispersion of the fiber. The dependence of frequency detuning on the fiber
dispersion is particularly notable for low values of dispersion [2], [4]. Widely spaced PMI sidebands
can be generated in low birefringent fibers pumped on the slow axis of the fiber when the fiber
dispersion at the pump wavelength is normal and close to zero. This can be of interest in fields such
as new light source development with special emission characteristics suited for specific applications
[6]. In this sense, microstructured optical fibers (MOFs) can be a platform for generation of widely
spaced bands based on PMI, because of the high flexibility for dispersion engineering in MOFs [7].

In the context of MOFs, PMI was first observed in the normal dispersion regime in a large-air-filling
fraction MOF with a conventional dispersion profile with one zero-dispersion wavelength (ZDW),
which was pumped near the ZDW [8]. PMI sidebands were generated at 568.5 and 751.5 nm when
pumped at 647 nm. In this fiber, additional widely spaced bands due to scalar four-wave mixing
(FWM) were simultaneously generated [9]. This feature, i.e., the simultaneous generation of FWM
and PMI, will occur in fibers with a dispersion profile including ZDWs when they are pumped in
normal dispersion near the ZDW since phase-matching for scalar FWM is also often accomplished.
This can be avoided by the use of all-normal dispersion (ANDi) fibers, in which the chromatic
dispersion remains normal over the entire wavelength region of interest, without any ZDW. In this
type of fibers, neither scalar FWM nor scalar Ml can be generated [1]-[4] since phase-matching is
not accomplished for any pump wavelength.

In the last years, the potential of ANDi MOFs as nonlinear media has been widely investigated.
They have been proposed as a platform for the formation of femtosecond parabolic pulses by
means of passive nonlinear reshaping [10]. However, most of the interest on ANDi fibers comes
from their ability for the generation of coherent, octave-spanning, and recompressible supercon-
tinuum (SC) light [11]-[18]. It has been demonstrated experimentally with pump pulses in the fs
temporal regime [11]-[16], and further analysis has shown that octave-spanning SC spectra with
high temporal coherence could be achieved with pump pulse durations in the ps regime [18]. In
recent works, however, it was found that polarization induced noise can degrade the coherence
of ANDi femtosecond supercontinuum [19], [20]. PMI assisted by the weak unintentional birefrin-
gence of the fibers has been identified as the origin of such coherence degradation. The use of
polarization-maintaining ANDi fibers has been proposed to avoid such limitations [20].

In this paper, we report the experimental investigation of PMI effect in weakly birefringent ANDi
MOFs with quasi-CW pumping at 1064 nm. As mentioned before, PMI in ANDi MOFs has been
observed previously in the femtosecond pump regime [19], [20]. However, it is expected that the
nonlinear dynamics will show differences when pumping with long pump pulses instead of fs pulses.
To our knowledge, an experimental study of PMI in ANDi MOFs with long pump pulses has not
been carried out so far. In this work, we investigate this effect using pulses with pulse duration much
longer than the observed modulation period and, simultaneously, with spatial pulse extension along
the fiber of the same order of magnitude than the fiber polarization beatlength.

2. PMI in ANDi MOFs

The effect of PMI in optical fibers can be analyzed by a vector theory of four-wave mixing, where
the polarization states of light, as well as the birefringence of the fiber are taken into account. The
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Fig. 1. (a) Chromatic dispersion vs. wavelength for a weakly birefringent MOF. Parametric wavelengths
for (b) S-F PMI, and (c) F-S PMI at different pump powers, P, = 1.5-Py, (black), Pp = 2-Py, (red), and
Pp = 2.5-Py, (blue), being Py, = 1.81 kW. Fiber parameters: A = 1.5 um, d/A = 0.43, B, = 1x1076.
Vertical dashed line indicates the MDW.

net phase mismatch and the energy conservation relations can be used to calculate the spectral
shift of the sidebands [1], [4], [21]. Fig. 1 shows the parametric wavelengths as a function of pump
wavelength for the different FWM/MI processes of a weakly birefringent ANDi MOF, for different
pump powers. Linearly polarized light with polarization orientation aligned to the principal axes of the
fiber, fast (F) and slow (S), was considered in the calculations. Solutions for two different interactions
were found in this type of fiber. S-F and F-S correspond to the case in which the generated Stokes
and anti-Stokes photons have the same polarization, but orthogonal to the polarization of the pump
photons. In particular, for the S-F/F-S interaction, two slow/fast photons of the pump give rise to two
fast/slow Stokes and anti-Stokes photons. These two solutions correspond to what is known as PMI
processes. As expected, no solutions were found for FWM/MI processes in which the polarization
of pump and generated photons is the same, as it corresponds to a fiber with no ZDW.

In the case of S-F process (see Fig. 1(b)), the largest wavelength shift is obtained when the
fiber is pumped at the wavelength that matches the maximum of the dispersion curve (MDW),
i.e., at the wavelength at which the fiber dispersion is minimum. The lower is the dispersion at
the MDW, the wider is the wavelength spacing of the S-F PMI bands for that pump wavelength.
The calculated bands shift slightly with pump power, P,. The results for the F-S PMI process are
somehow more complex (see Fig. 1(c)). As it is known, this PMI process exhibits a power threshold
Pm =3-B,A& /2n5, where B, is the phase birefringence, A4 is the effective area, and n; is the
nonlinear refractive index. When P, < Py, the effect cannot be produced. When Py, < Pp < 2Py,
a band centered at zero detuning is generated. Sidebands start to appear when P, > 2 Py,. More
details can be found in [1]-[4].

3. Fiber Characteristics and Experimental Setup

We carried out several experiments to investigate PMI generation in ANDi MOFs with quasi-CW
pumping. Two AND:i fibers were used in the experiments. They were fabricated following the stack-
and-draw technique. Inset of Fig. 2 shows a scanning electron microscope (SEM) image of the
cross section of the fibers. The cladding is formed by a triangular lattice of air holes of the same
diameter, and the core is just a missing hole. The structural parameters of the fibers, i.e., air hole
diameter d and pitch A are given in Table 1. Both fibers are single mode at the wavelength range
of the experiments. The chromatic dispersion of the fibers was measured experimentally using the

Vol. 11, No. 5, October 2019 7104108



IEEE Photonics Journal PMI in All-Normal Dispersion MOFs

100

(a)

-100

Chromatic dispersion (ps/ nm-km)

300 L L L L
600 800 1000 1200 1400 1600

Wavelength (nm)

Fig. 2. (a) Chromatic dispersion vs. wavelength of the fibers used in the experiments. Dots are exper-
imental measurements and solid lines are theoretical calculations. SEM images of the fibers’ cross-
section: (b) MOF1, (c) MOF2.

TABLE 1

Structural Parameters, Chromatic Dispersion, Group Birefringence,
and Effective Area of the MOFs at 1064 nm

A(um) d/A  D(ps/nmkm) Bg(x10®°) Ay (um?)
MOF1 1.0 0.52 -100 1.2 9.4
MOF2 1.6 0.37 -21 1.1 25

interferometric method described in [22]. Fig. 2 shows the chromatic dispersion as a function of
wavelength for the two fibers, along with the simulation results obtained from theoretical modelling
carried out using the method reported in [7]. The structural parameter values included in Table 1
were used for the calculations. The dispersion of the two fibers shows the typical convex profile of
AND:i fibers with normal dispersion for all wavelengths. The MDW values are 820 nm and 1090 nm,
for MOF1 and MOF2, respectively. The experimental values of dispersion at the pump wavelength
used in the experiments, i.e., 1064 nm, are summarized in Table 1.

In principle, MOFs with regular triangular lattice of identical, circular air holes are non-birefringent
fibers. However, realistic fibers exhibit a small amount of residual birefringence due to imperfections
in the resulting microstructure, and the finite number of air holes rings. The group birefringence B,
of both fibers was characterized using the technique described in [23]. Results are summarized in
Table 1.

Fig. 3 shows the arrangement used in the experiments. A diode pumped passively Q-switched
Nd:YAG microchip laser (TEEM Photonics SNP-20F-100) that emits pulses at 1064 nm of 700 ps
duration (FWHM), few kW of peak power, and a repetition rate of 19.1 kHz was used as the pump
for the nonlinear experiment. The spectral bandwidth is smaller than 30 pm (FWHM). Inset of Fig. 3
shows the temporal shape of the pump pulses. Assuming a group velocity of 2x 108 m/s the pulse
spatial width is about 14 cm. The pump beam was launched into a short section of the fibers under
test (FUT). Typical fiber length used in the experiments was ~50 cm. The laser emission is linearly
polarized, with a polarization extinction (PER) of 32 dB. A half-wave plate (HWP) was positioned at
the laser output, in order to rotate the polarization plane of the launched pump beam with respect
to the fiber axes. A linear polarizer was used in part of the experiments, to analyze the polarization
of the output light.
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Fig. 3. Experimental arrangement. M: mirror; HWP: half-wave plate; AL: aspheric lens (x30); FUT: fiber
under test; LP: linear polarizer; MMF: multimode collecting fiber; OSA: optical spectrum analyzer. Inset
shows the temporal shape of the pump pulses.
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Fig. 4. Spectra for two orthogonal polarizations orientations of the pump: (black) pump polarization
orientation adjusted to obtain maximum PMI generation efficiency, and (red) pump polarization rotated
90° with respect to the previous. (a) MOF1, 30 mW pump power. (b) MOF2, 23 mW pump power.

4. Experimental Results and Discussion

The spectrum of the light exiting the fibers was analyzed for different pump powers and polarization
orientations of the pump. Fig. 4(a) shows an example for two orthogonal orientations of the pump
polarization, and identical pump power obtained from MOF1. Along with the pump laser centered at
1064 nm, one can observe several nonlinear features. For both HWP angles, Stokes and anti-Stokes
Raman scattering was generated. Additionally, two bands centered at 1026 nm and 1105 nm, are
shown for one of the polarization orientations. Similarly, in the case of MOF2 a pair of narrow bands
centered at 966 nm and 1184 nm was observed (see Fig. 4(b)). Such bands result from the S-F
PMI process, as we confirmed experimentally, and backed by theoretical modelling (see discussion
below).

We studied the polarization of the PMI sidebands by analyzing the polarization of the light exiting
the fiber using a broadband bulk linear polarizer. Prior the insertion of the linear polarizer, the
orientation of the HWP was adjusted to achieve the highest amplitude of the PMI bands. Then,
the pump power launched into the fiber and the orientation of the HWP were kept constant during
the rest of the experiment. The linear polarizer was inserted at the fiber exit. The light transmitted
through the polarizer was collected by a multimode fiber and analyzed with the optical spectrum
analyzer. Light spectra were recorded for different orientations of the polarizer axis. The amplitude
of the different spectral components varied in different ways with the orientation of the polarizer.
Fig. 5 shows the spectrum obtained when the polarizer was oriented so that the amplitude of the
PMI bands was optimized. Starting from this orientation, rotation of the polarizer produced the
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Fig. 5. Spectra of light leaving the fiber after passing through a linear polarizer, for two different orienta-

tions of the polarizer: (black) orientation of the polarizer adjusted to obtain the best PMI amplitude, and
(red) polarizer orientation rotated 90° with respect to the previous. Fiber: MOF1.
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Fig. 6. Wavelength shift of S-F PMI Stokes and anti-Stokes bands vs. pump wavelength, for different
values of B,. Solid lines are theoretical calculations, and dots are experimental data. MOF1 (black) and
MOF2 (blue). Phase birefringence values used in theoretical calculations are indicated.

reduction of the amplitude of the PMI bands and, simultaneously, the increase of the amplitude of
the rest of spectral components. The red line corresponds to a 90° rotation of the polarizer from
the initial position. The PMI bands are completely filtered, while the rest of spectral components,
including the pump laser line and Raman bands, increased in amplitude few tens of dB (which
agrees with the PER of the polarizer). This result confirms that the polarization of the PMI bands is
orthogonal to the polarization of the pump laser, as it corresponds to the PMI process.

Fig. 6 shows the theoretical calculations of the wavelength shift from the pump wavelength of
S-F PMI bands, as a function of pump wavelength, for the specific fibers of the experiments.
Different phase birefringence values B, were considered for the calculations of the phase-matching
wavelengths. A value of nonlinear refractive index for silica n, = 2.7x1072° m?/W was used for the
calculations. The experimental Stokes and anti-Stokes wavelengths, obtained at 1064 nm are also
included for both fibers. Best agreement between theoretical calculations and experimental data is
achieved for B, = 1.8 x 105 and By =4.5x 1078, for MOF1 and MOF2, respectively. Notice that
the birefringence values obtained from the fitting differ from the birefringence values included in
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Fig. 7. (a)-(b) Spectrum of light at the wavelength range around the anti-Stokes and Stokes bands,
respectively, for increasing pump power. (c) Wavelength shift as a function of pump power. Dots are
experimental data. Dashed lines are a guide to the eye.

Table 1, which correspond to group birefringence. Although both parameters give information about
the birefringent properties of the fibers, they are not exactly the same magnitude. The corresponding
beatlentghs are 5.9 cm and 23.6 cm, respectively, which are of the same order of magnitude than
the pulse extension on the fiber.

Fig. 7(a)—(b) shows the spectrum around the PMI bands generated in MOF1, as a function
of the input pump power. The HWP was adjusted to optimize PMI bands. As expected, all the
frequencies generated by the different nonlinear mechanisms increase in amplitude. Additionally,
we can notice that, unlike Raman features, the PMI bands shift slightly. They move away from the
pump wavelength as the pump power increases, few nanometers for the pump wavelength range
of the experiments. Fig. 7(c) summarizes the shift of the Stokes and anti-Stokes PMI wavelengths
as a function of pump power. The PMI bands shift with pump power as a result of the contribution
of the nonlinear term to the phase mismatch [1]-[4].

As shown in Fig. 4, PMI was not observed in any of the fibers when they were pumped in the
fast axis. This agrees with what it is expected since estimated values of Py, are 9.4 kW and 6.4 kW
for MOF1 and MOF2, respectively, and in our experimental arrangement the largest value of peak
power that could be launched into the fiber was around 4 kW, which is far below such Py, values.

5. Conclusions

In summary, we have reported the experimental observation of PMI generation in ANDi MOFs with
quasi-continuous pump. In ANDi fibers, phase-matching for scalar FWM/MI is not accomplished.
In principle, two PMI process are possible. However, F-S PMI presents a power threshold that
was not reached in our experiments. Small birefringence of the order of 105, which in realistic
fibers can be provided simply by residual birefringence, contributes significantly to the phase-
matching condition. We have shown that widely spaced sidebands can be obtained by this nonlinear
mechanism with proper fiber designs. This nonlinear effect was investigated in two ANDi MOFs
with different dispersion profiles using long pump pulses (700 ps) at 1064 nm. Anti-Stokes and
Stokes PMI bands centered at 1026 nm and 1105 nm for MOF1, and 966 nm and 1184 nm for
MOF2, were observed when the fibers were pumped in the slow axis mode. The experimental PMI
wavelengths are in reasonable good agreement with theoretical calculations. Sidebands generated
through PMI can eventually be exploited for the development of new light sources based on this
effect. Furthermore, PMI can seriously deteriorate the coherence characteristics of supercontinuum
spectra generated using ANDi fibers with quasi-CW pump, although pump polarization control can
reduce the drawbacks of PMI by matching the fast axis with power levels below F-S PMI threshold.
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