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High nonlinear microstructure fibre (HNMF) is preferred in nonlinear fibre optics, especially in the applications

of optical parametric effects, due to its high optical nonlinear coefficient. However, polarization dependent dispersion

will impact the nonlinear optical parametric process in HNMFs. In this paper, modulation instability (MI) method is

used to measure the polarization dependent dispersion of a piece of commercial HNMF, including the group velocity

dispersion, the dispersion slope, the fourth-order dispersion and group birefringence. It also experimentally demonstrates

the impact of the polarization dependent dispersion on the continuous wave supercontinuum (SC) generation. On one

axis MI sidebands with symmetric frequency detunings are generated, while on the other axis with larger MI frequency

detuning, SC is generated by soliton self-frequency shift.
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1. Introduction

High nonlinear microstructure fibre (HNMF),
which has a silica core and complex cladding composed
of periodical air pillars in silica background, has shown
its great potential in applications of fibre nonlinear
optics.!? Due to the small core size and high air filled
fraction of holey cladding, stronger light confinement
is achieved in HNMF's, comparing with traditional sin-
gle mode fibres. On the other hand, complex struc-
ture in the cladding provides the flexibility in fibre
dispersion design, which is preferred in many nonlin-
ear applications needing phase matching.[®l Many ap-
plications have been explored based on HNMFs, such

[4:5] photon pair

as supercontinuum (SC) generation,
generation,® broadband parametric amplification,!”
wavelength conversion®! etc. Recently, it has been
proposed that HNMF in telecom bandwidth shows in-
trinsic high birefringence, even splitting of zero disper-
sion wavelengths (ZDWs) along two axes, due to the
asymmetries induced during fabrication.l?) However,
the difficulty in dispersion measurement of the short
HNMF sample near the ZDWs limits the study of its
polarization dependent dispersion properties. The im-

pacts of the polarization dependent dispersion on the

microstructure fibre, modulation instability, dispersion, birefringence

nonlinear effects in HNMFs have not been explored
comprehensively yet.

In our previous work, we demonstrated that ultra-
high parametric amplification gain efficiency can be
achieved in a piece of HNMF.!'%l However, its disper-
sion properties have not been studied. In this paper,
we modify the modulation instability (MT) method, !
which was proposed to measure the dispersion prop-
erties of the traditional high nonlinear fibre, by con-
sidering the pump polarization. Using the modified
MI method, we measure the polarization dependent
dispersion properties of the HNMF sample, including
the group velocity dispersion, the dispersion slope, the
fourth-order dispersion and group birefringence. The
impact of polarization dependent dispersion proper-
ties on the parametric process near the ZDWs in the
HNMEF is also demonstrated experimentally.

This paper is structured as follows. The method
and experimental setup of the dispersion measure-
ment by MI method are introduced in Section 2. The
measurement results of various dispersion parameters
are presented in Section 3, including: phase birefrin-
gence, polarization dependent group velocity disper-
sions (GVDs) and their slopes, the fourth-order dis-
persion, and group velocity birefringence. In Section
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4, the impact of the polarization dependent dispersion
on the parametric process is demonstrated experimen-
tally. Section 5 is the conclusion.

2. Method and experimental

setup

The MI method for measuring the fibre GVD pa-
rameters bases on the physical process of amplified
spontaneous parametric emission spectrum. When
an intensive light is injected into the fibre in the
anomalous dispersion region as pump, parametric flu-
orescence generates spontaneously!'?! by the third or-
der nonlinear interaction between the pump light and
zero-point energy in vacuum. Then it experiences
parametric amplification and forms symmetric MI
sidebands on the two sides of the pump wavelength.
The sideband with shorter wavelength is called signal
band, while the other is idler band. The frequency
difference between pump light and peaks of the two
sidebands is determined by the phase matching con-
dition of the parametric process:

2vP = Ap, (1)

where v is the fibre nonlinear coefficient, P is the
pump power, and their product is the nonlinear phase
mismatch between the pump and the signal, idler
light. AB = 28, — s — (i is the linear phase mismatch,
where 3, 35, B are the wave numbers of pump, signal,
and idler lights, respectively. By measurements of fre-
quency differences between pump light and peaks of
the two sidebands under different pump wavelengths,
the dispersion parameters of the HNMF can be cal-
culated by numerical fitting using the phase matching
condition.

The experimented setup for the measurement is
shown in Fig.1. The HNMF (fabricated by Crystal
fibre A/S Inc) under test is 25m long, which has tri-
angular air hole array structure. Diameters of the
silica core and the air holes are 1.8nm and 0.89nm,
respectively. The scanning electron microscope image
of the cross section is shown in the inset of Fig.1. Its
ZDW is about 1565nm (given by the manufacturer)
and the total loss is 5.5dB including splice loss at both
ends. Its nonlinear coupling coefficient is 66.7/W /km
at both axes referring to our previous work.l'% The
output light of a tunable external cavity laser (ECL)
is modulated by a LiNiOs modulator (MOD), then
amplified by an erbium-doped fibre amplifier (EDFA)

to achieve high power pulsed pump light with a repet-
itive frequency of 0.3MHz and pulse width of 13ns.
A polarization controller (PC) is used to adjust the
polarization of the pump light. A circulator and a
fibre Bragg grating (FBG) are used to suppress the
amplified spontaneous emission (ASE) of the EDFA.
The power of the pump injecting into the HNMF is
monitored by an 1:99 coupler, and measured by an
oscilloscope (Agilent54833A) with a photon detector
(Agilent83440C) after proper attenuation by a vari-
able optical attenuator (VOA). The output spectra of
the HNMF are measured by an optical spectrum anal-
yser (OSA, Agilent86142B).

oscilloscope
with photon
detectors

Fig.1. Experimental setup of MI spectrum method for
measuring the dispersion parameters.

3. Experimental results

Firstly, the phase birefringence of the HNMF is
measured by the white light interference method.['?]
The ASE of an EDFA polarized by a polarizer is used
as the single polarization white light, which is injected
in the HNMF after a PC, then the spectrum is ob-
served by an OSA after another polarizer. Strong in-
terference ripples due to the phase birefringence of the
HNMF are presented, which are shown in Fig.2. The
ripple period is about 2.8nm, then the phase birefrin-
gence about 3.5 x 107° can be deduced.

—-34 T T T
&
< 36 R
~
g
g
5 -38F E
[
&
g 40 .
=1
&
1]
T 42r
E I

—44 ) I . 1 , |

1545 1550 1555 1560 1565

Wavelength/nm

Fig.2. Output spectrum of phase birefringence measure-
ment by the white light interference method.
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The dispersion parameters are measured by MI
method using the experimental setup in Fig.1. To
measure the polarization dependent dispersion prop-
erties of the HNMF, the impact of pump polariza-
tion on the MI spectrum should be considered. The
MI spectrum changes gradually with the changing of
pump polarization, showing combined contribution of
the pump powers along the two axes. Three typical
pump polarization states are used in the measurement,
which are along the fast axis, slow axis and 45° from
the two axes.

Figure 3 shows the typical MI spectra under dif-
ferent pump polarizations. MI spectra examples when
the pump is adjusted to the fast, slow axes and 45°
from two principal axes through PC. If the polar-
ization of pump light is adjusted along one of the
two principal axes, the MI sidebands are generated
in the same axis. The process is called co-polarization
MI. It can be seen that the peak values of the co-
polarization MI sidebands along the two axes are al-
most the same, however, the frequency detunings of
the sideband peaks are different, shown the impact of
polarization dependent GVDs. If the pump polariza-
tion departs from the principal axes, the MI spectrum
declines sharply as the dash line shows. Beside the
co-polarization MI sidebands along the two axes, a
pair of small sidebands appears near the pump wave-
length due to the cross-polarization"¥ MI process, in
which pump photons along both axes participate in
the cross-polarization MI process, and generate side-
bands along different axes.
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Fig.3. Examples of the MI spectra when the pump is
along fast, slow axis or 45° from two principal axes.

3.1. Polarization dependent GVDs and
their slopes

We use the co-polarization MI spectrum to mea-
sure the polarization dependent GVDs in the two

axes. When the pump wavelength in the anoma-
lous dispersion region is far from the ZDW, the lin-
ear phase mismatch in Eq.(1) can be expressed as
AB = Dp)\i/(%rc) 2%015] by ignoring the contribution
of the high order dispersions. 2 = wp —ws = wj —wy, is
the angular frequency difference of the sideband from
the pump, where wy,,ws,w; are angular frequencies of
pump, signal and idler, respectively. A, is the wave-
length of the pump, Dy is the GVD parameter along
a certain axis at the pump wavelength. Hence, the

GVD can be calculated by:
Dy, = 47T67P//\§>/'Q§eak7 (2)

where (¢ is the frequency difference between the
sideband peak of the co-polarization MI and the
pump, which can be measured on the MI spectrum
directly and represents the frequency detuning satis-
fying the phase matching conditions.

Figure 4 shows the measured GVD of the HNMF
along both axes at different pump wavelength. It can
be seen that the GVDs along both axes decrease al-
most linearly with increasing wavelength, while the
GVD parameters are different along the two axes.
The five groups of measured data at the short wave-
length end are linearly fitted to get the dispersion
slopes of the two axes which are —0.763ps/nm?/km
and —0.821ps/nm?/km respectively. The former is
for slow axis and the latter for fast axis, referring to
Ref.[9], which shows that the ZDW of the fast axis
shift to a higher wavelength in HNMF with high bire-
fringence and the ZDW splitting is proportional to the
phase birefringence. The ZDWs along two axes are
1563nm and 1564.4nm, respectively. Then the ZDW
splitting of the HNMF under test is 1.4nm, which
agrees well with the estimated ZDW splitting (1.5nm)
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Fig.4. The GVD parameters in two axes.
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by the method proposed in Ref.[9], using the measured
phase birefringence of the HNMF'.

3.2. Fourth-order dispersion

The co-polarization MI spectrum is also used to
measure the polarization dependent fourth-order dis-
persions along the two axes. The calculated GVD pa-
rameters in Fig.4 by Eq.(2) are apart from the lin-
ear fitting near ZDW, showing that the impact of
high-order dispersions should be considered in the
phase matching condition of the MI process when the
GVD is small.
fourth-order dispersion in the linear phase mismatch

Considering the contribution of the

in Eq.(1), we can write the phase matching condition
as

DP)\?)/(27TC)“Q§eak - 64/1293 k — 2FYP7 (3)

ea.

where 34 = 03*/0w* is the fourth-order dispersion
parameter of the fibre. We measure the (2,cac un-
der two different pump powers at A\,=1560.2nm. The
GVD parameters fitted in Section 3.1 are used, which
are 3.5ps/nm? /km and 2.2ps/nm? /km for the fast and
slow axes respectively. Table 1 lists the measured
ek and B4 for the two axes, which is calculated by
Eq.(3) and averaged from the results under different
pump powers.

Table 1.
matched frequency difference along the two axes at
Ap=1560.2nm.

Relation of the pump power and phase

P1=6.4W Py=8.1W Ba/(ps*/m)
Dpeak /2T 1.71THz 1.92THz —269
Dpeak,s/2m 2.35THz 2.59THz —54

3.3. Group birefringence

We use cross-polarization MI spectrum to mea-
sure the group birefringence, also called group delay
difference. The nonlinear phase mismatch is y(Ps +
Pr), where P, Py are the pump powers distributed
in slow and fast axes. It can be seen from Fig.3
that although the sideband peaks of cross-polarization
MI is lower than those of the co-polarization MI, the
cross-polarization MI sidebands could not be covered
by the co-polarization MI due to the high birefrin-
gence. Hence, the frequency difference between the
sideband peak of cross-polarization MI and the pump
light, which is denoted by 2
from the output spectrum of the HNMF. In the case

eaks Can be measured

: !
of our experiment, 2/

condition for the cross-polarization MI is

« is small, the phase matching

T car + Dp/\i/@m)%iak =v(Ps+ Fr), (4)
where 7 = 00;/0w — 0f¢ /0w is the group delay dif-
ference of the two axes in unit fibre length. D, is
the average GVD value of the two axes at the pump
wavelength. The Qﬁ,eak)\f) /2me ~ 4nm due to cross-
polarization MI in Fig.3 under total pump power of

8W. Hence 7 is about 0.158ps/m, calculated by Eq.(4).

4. Effect of polarization depen-

dent dispersion

The measurement in Section 3 indicates that the
dispersion characteristics of the HNMF under test
have high polarization dependence, which should im-
pact the dispersion sensitive nonlinear processes in the
HNMF greatly. To demonstrate the effect of the po-
larization dependent GVD, high power pump injected
into the HNMF near the ZDW under different polar-
ization using the experimental setup of Fig.1, in which
the pump light filter (the circulator and FBG) is re-
moved to reduce the pump loss before the HNMF and
to add the broadband ASE of the EDFA accompany-
ing the pump.

Figure 5 shows the output spectrum when the po-
larization state of the pump is adjusted by the PC.
The peak power of the pump light is 41W. When
pump light polarized along the fast axis, lobes with
symmetric frequency detunings on the two sides of
pump light appear as the dotted line indicates. The
sidebands are generated by the amplified ASE of the
EDFA by the MI gain, whose bandwidth is limited by
the comparatively high GVD of the fast axis. Sev-
eral sidebands far from pump light can also be ob-
served, and the first signal sideband collapses, which
are due to the four-wave-mixing effect near the ZDW.
When the polarization of pump is gradually chang-
ing, the satisfaction of the phase matching condition
along both axes is possible, which leads to compli-
cated output spectrum as the dash line shows. When
most of the pump is along the slow axis, continuous-
wave (CW) SC is observed as the solid line shows,
which is generated by the combined effects of MI and
Raman soliton self-frequency shift, where MI process

breaks the CW light into ultra-short soliton pulses, 6!
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Fig.5. The output spectrum under different pump polar-
ization states.

then the spectra of the pulses shift to longer wave-
lengths due to intrapulse stimulated Raman scatter-
ing. The comparatively low GVD along the slow axis
leads to broader MI gain bandwidth, which means
that the soliton pulses with short duration and high
peak powerl!” are more likely to be formed due to the
higher modulation frequency of the MI.['819] The ob-
vious dependence of the output spectra on the pump

polarization shows a clear demonstration of the im-
pact of the polarization dependent dispersion on the
nonlinear effects in the HNMF'.

5. Conclusion

In this paper, the MI method is used to mea-
sure the polarization dependent dispersion of a piece
of commercial HNMF, by which the GVD, dispersion
slope, the fourth-order dispersion and group birefrin-
gence near the ZDW are deduced. A splitting of
ZDWs along two axes by 1.4nm is measured. We
experimentally demonstrate the impact of the polar-
ization dependent dispersion on the nonlinear effects
in the HNMF by CW SC generation. On one axis,
MI sidebands with symmetric frequency detunings can
be observed, while on the other axis with larger MI
frequency detuning, SC is generated by soliton self-
frequency shift. The results in this paper indicate
that the polarization dependent dispersion properties
of HNMFs should be considered seriously in their ap-
plications of fibre nonlinear optics.
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