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Polarisation-sensitive four-wave mixing and soliton
self-frequency shift effect in the highly birefringent
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By adjusting the polarisation state of the pump at 805 nm parallel to slow (z) and fast (y) axes of the highly
birefringent photonic crystal fibre with zero dispersion wavelengths 790 nm and 750 nm, this paper demonstrates
the efficient polarisation-sensitive four wave mixing involved in pump, anti-Stokes and Stokes signals and soliton self-
frequency shift effects induced by the phase-matching between red-shifted solitons and blue-shifted dispersive waves.
If the reduction of coupling efficiency to the circular pump laser mode or other circular fibres due to asymmetry
of the core is neglected, more than 98% of the total input power is kept in a single linear polarisation. Controlled
dispersion characteristic of the doublet of fundamental guided-modes results in achieving light field strongly confined
in principal axes of photonic crystal fibre, and enhancing the corresponding nonlinear-optical process through the
remarkable nonlinear birefringence.
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1. Introduction

Because of the flexibility in designing optical
properties of light, such as nonlinearity, dispersion
and birefringence,[! 3! photonic-crystal fibres (PCFs)
have opened a new phase and are found many ap-

[4=6] guch as an ex-

plications in nonlinear optics,
cess to the carrier-envelop phase,l”) creation of the
novel optical coherence tomography,® the nonlin-
ear spectrographs,®) and extension of the applica-
tion range of femtosecond laser sources to photo-
chemistry and photobiology.['% The remarkable struc-
ture flexibility of PCFs means interesting strate-
gies for the design of fibres with a high modal
birefringence.l'>12 One way to achieve the high bire-
fringence is stress-induction, and another way is re-
alised through asymmetric microstructure near the
core.['314] Besides the linear birefringence, the non-
linear birefringence induced by high power intensity

concentrating on principal axes allows efficient polar-
isation control of nonlinear phenomena including fre-
quency conversion based on phase-matching four-wave
mixing (FWM),[1%:16] blue-shift dispersive wavell”:!8]
due to soliton self-frequency shift (SSFS), and super-
continuum generation"9=22 through the combination
of different nonlinear effects.

Here, the strong single polarisation along slow ()
and fast (y) axes (98% of the total power in a single
linear polarisation) is achieved with the highly bire-
fringent PCF fabricated by improved twice stack-and-
draw technique.[?®] The highly efficient frequency con-
version is based on the efficient polarisation-sensitive
FWM, which involves a pump and a Stokes wave at
frequency w, and wg, and the generated signal wave
at 2wp —wsg. The corresponding propagation constants
of pump S(wp), anti-Stokes 5(w,) and Stokes signals
B (ws) meet the phase-matching condition along x and
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y axes at dfpwm = 2B(wp) — B(wa) — B (ws) = 0.
The SSFS provides a resonant energy exchange be-
tween red-shifted solitons with propagation constant
Bs and central wavelength Aoy and blue-shifted disper-
sive waves with propagation constant 54 and central
wavelength Aq.

2. Highly birefringent PCF and

experimental setup

The cross-section structure and sketch map of the
inner core of PCF used in the experiment are shown

in Fig. 1(a) and 1(b).
d = 5.24 pm, hole pitch A = 4.5 pm. An elliptically
deformed core gives rise to form birefringence and the

The cladding hole diameter

measured parameters are as follows: Dx = 2.86 pum
and Dy = 1.16 pm along the long (z) and short (y)
axes, the ratio is 2.47. The reduction of coupling
efficiency to the circular pump laser mode or other
circular fibres due to asymmetry of the core is ne-
glected. The fibre attenuation was measured to be
about 0.015 dB/m at 805 nm using the cut-back tech-
nique, and the calculated polarisation beat length at
805 nm is 9.45 mm.

(b)

Fig. 1. (a) The cross-section structure of highly birefringent PCF; (b) the sketch map corresponding to the inner

core region.

Multi-pole method has been used to analyse
the properties of fundamental mode in PCF.[24 The
group-velocity dispersion D for the doublet of funda-
mental modes passes through zero at different wave-
lengths corresponding to 790 nm and 750 nm along the
x and y axes of the fibre core as shown in Fig. 2(a),
respectively, and the frequency-shifted processes orig-
inate from SSFS and phase-matched FWM effects.
The material dispersion is analysed from Sellmeyer
equation. The elliptical and near-circular shapes of
output mode field along = and y axes are shown in in-
serts 1 and 2 of Fig. 2(a). For both modes, the input
laser field with central wavelength at 805 nm is falling
within the anomalous dispersion region approaching
to the zero dispersion wavelengths of two polarisation
fundamental mode, and the phase-matching FWM
2wp = wg + w, is prone to occur. The doublet modes
polarised along the z and y axes have different prop-
agation constants 8, = 8o + 08, and B, = Bo + 65y,
where [ is the propagation constant of the doublet

of degenerate fundamental modes in the fibres with a
circular core, 68; = 20;(wp) — Bz(wa) — Bz(ws) and
08y = 2y (wp) — By(wa) — By(ws) are the birefringence-
induced corrections to the propagation constant for
the modes polarised along the long and short axes
of the ellipse core, By(wp), Bz(wa), Bz(ws), By(wp),
By(wa), and By(ws) are the propagation constants of
pump, anti-Stokes, and Stokes signal polarised along
the = and y axes in core region, respectively. More-
over, the mutual influence of birefringence on phase-
matching can be neglected due to L >> Ly, where
L (45 cm) is the fibre length and Ly (9.45 mm) is
the polarisation beat length. Figure 2(b) shows the
phase-matching curves of FWM with pump polarised
For the doublet of fun-
damental modes, we can see that the amplitude of

along the = and y axes.

phase-mismatching curve of slow axis mode is smaller
than that of fast axis mode due to less deviation
of pump wavelength from the zero-dispersion wave-
length. The phase-matching condition §3, = 0 and

074218-2



Chin. Phys. B Vol. 19, No. 7 (2010) 074218

0By = 0 are met with pump falling at 805 nm, giv-
ing rise to remarkable Stokes fields at 2300 nm and
1300 nm (along z axis), at 2100 nm and 1000 nm
(along y axis). The corresponding anti-Stokes fields
are generated at 560 nm and 465 nm (along z axis),
The SSFS
and blue-shifted dispersive frequency components take

at 600 nm and 455 nm (along y axis).

place due to the input laser field falling within the

conditions 68ss = Bsy (Ao) — Bax (Aa) = 0 and 68s,, =
Bsy (Ao) — Bay (Aa) = 0 along the slow and fast axis
are met. As illustrated in Fig. 2(c), the multiply soli-
ton shift toward longer wavelengths within the ranges
from 1160 to 1220 nm along the slow axis and 1260 to
1320 nm along fast axis generated by 805 nm pump,

can generate phase-matching dispersive waves in the

anomalous dispersion region, and the phase-matching 480 to 420 nm wavelength range.
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Fig. 2. (a) Group-velocity dispersion D calculated as a function of radiation wavelength for the doublet modes of
the fundamental mode of the PCF, the vertical dash line indicates the zero dispersion wavelength along the slow axis
(solid line) and fast (dash line) axis; (b) the phase-mismatching in the fundamental doublet modes of PCF along
slow axis (solid line) and fast (dash line) axis as a function of radiation wavelength, the vertical dash arrow indicates
the input pump wavelength; (c) the phase-matching between the red-shifted soliton and blue-shifted dispersive wave
along the slow axis (solid circular dot) and fast axis (solid quadrate dot). Inserts 1 and 2 in Fig. 2(a) show the
output near-fields with polarisation direction of pump along slow and fast axes.

The experimental setup configuration is shown in Fig. 3. The pump laser is a mode-locked Ti: sapphire
laser with central wavelength 820 nm, emitting a 150 fs pulse train at the repetition rate of 76 MHz. The
average input power is 240 mW, and an optical isolator served to protect the laser oscillator from radiation
backreflected from the focusing optics and the fibre. A polariser was used to purify the input polarisation, and a
rotating half-wave plate was put between the polariser and the fibre input end to adjust the input polarisation.
A 40x anti-reflection coated aspheric singlet lens was used to couple laser radiation into the PCF with a length
of 45 cm. The input coupling efficiency was as high as 65%. The CCD1 and CCD2 are used to watch the
coupling state of input light and output mode fields, and the optical spectrum analyser (OSA) with resolution

of 0.1 nm is used to observe the output spectrum.
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Fig. 3. The configuration of the experimental setup.

3. Experimental results and discussion

The polarisation-sensitive FWM and SSFS processes are carried out with polarisation control of the input
field using the polariser and half-wave plate, and the pump wavelength is adjusted to approach at the zero
dispersion wavelengths along the slow (z) and fast (y) axis. Figures 4(a) and 4(b) show the output spectral
features and near-fields of the birefringent PCF with the input beam aligning along the slow and fast axes and
the laser field being coupled into the doublet of fundamental modes.
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Fig. 4. The output spectrum of highly birefringent PCF with the input pump field polarising along (a) slow (z)
and (b) fast (y) axes. Inserts show the corresponding elliptical and circular output near fields.
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For the doublet of fundamental modes, the fre-
quency components near the zero-dispersion wave-
length of the PCF serve as a pump for phase-
matched FWM. These phase-matched FWM pro-
cesses, which involve both frequency-degenerate and
non-degenerate pump photos, occur constantly along
the two principal axes, deplete the energy around zero
dispersion wavelengths, and transfer the radiation en-
ergy to the normal and anomalous dispersion regions.
Moreover, because the input laser field lies in the re-
gion of anomalous dispersion, it is coupled into soli-
tons due to the combination effect of group velocity
dispersion and self-phase modulation. These solitons
experience a continuous red-shift induced by the intra-
pulse Raman scattering as they propagate along the
fibre. This process is the Raman-type amplification
of the long wavelength part of the pulse spectrum at
the expense of the depletion of its short wavelength
wing. At the same time, the phase-matching between
solitons and dispersive waves are achieved, and the in-
tense blue-shift emissions with the central wavelengths
lying in Cherenkov radiation region are generated.?®!

There are three peaks at wavelengths near
910 nm, 1000 nm, and 1210 nm, as shown in Fig. 4(a),
and these correspond to the fundamental soliton
pulses generated by the fission of the pump pulse,2°!
the changing range of the peak position of the fun-
damental soliton pulse at the longest wavelength is
about 300 nm. The peak near 465 nm is a disper-
sive wave emitted by the fundamental soliton pulse.
Correspondingly, in Fig. 4(b), two fundamental soli-
ton pulses with peaks emerging near 1010 nm and
1300 nm are shown, the changing range of peak posi-
tion is about 290 nm, and two dispersive waves near
465 nm and 435 nm are observed. The peak inten-
sities of three fundamental soliton pulses in Fig. 4(a)
are much higher than the ones in Figs. 4(b), and the
main reason is from the high polarisation of input
pump pulse along principal axis, which lead to much
higher polarisation extinction ratio. Although the red-
shifted range of fundamental soliton with 300 nm in
Fig. 4(a) is nearly equivalent to the one with 290 nm
in Fig. 4(b), the longest wavelengths correspond to
1210 nm and 1300 nm, respectively. The possible rea-
sons are considered as follows. On the one hand, there
are existing larger pump wavelength deviations from
zero dispersion wavelengths along y axis than x axis,
which enhance the energy intensity coupled into soli-
tons along y direction. On the other hand, the input
pump pulse may be coupled into higher-order modes,

and induces more complicated soliton dynamic pro-
cess, giving rise to a continuous red-shifted radiation.

Moreover, the transmission loss of fabricated PCF
can achieve up to tens of dB/m at longer wavelengths
because of practical restrictions of technology, it is
possible that the energy of these Stokes components at
longer wavelengths is depleted at the output of fibre.
The corresponding Stokes components at the phase-
matching wavelengths of 2100 nm and 2300 nm are
not shown in the output spectrum because of beyond
the measurement range of OSA (400 to 1700 nm), and
they are likely to be completely depleted as a result
of possible hundreds of dB/m transmission loss. In
inserts of Figs. 4(a) and 4(b), the output mode fields
show elliptical and circular shapes, which are consis-
tent with the simulation result as shown in inserts 1
and 2 of Fig. 2(a), and the main reason is considered
to be the intensity-induced nonlinear birefringence.

[27.28] ig de-

The polarisation extinction ratio (PER)
fined as the power ratio between p, and py, where
ps and py are the measured power with the output
polariser’s axis along the slow (z) and fast (y) axes.
Because of higher birefringence, the measured output
PER was ps/py = 80 and py/ps = 30 when the input
polarisation was along the slow and fast axes (98.75%
and 96.7% single polarisation), meaning well linearly
polarised characteristics for the output spectral com-

ponents. The total indices n!, = n, + napo/Acte,

n;! = ny + napo/Aesry, Where ng, ny (n, > n,) are
the linear indices along x and y axes, where ns is the
nonlinear index of silica material, py is the input av-
erage power, and Aeg,, Aesr, are the effective mode
field areas along x and y axes. When the input polari-
sation is along the slow (z) axis, nj, > n, and nj, =~ n,
are satisfied and the nonlinear birefringence enhances
the linear birefringence with increased An = nj, —n;.
On the contrary, when the input polarisation is along
the fast (y) axis, nj, > n, and nj, ~ n, are satisfied
and the nonlinear birefringence can result in the to-
tal cancellation of linear birefringence with decreased

— /
An =nj —ny.

4. Conclusions

In summary, the polarisation-sensitive FWM and
SSFS processes have been demonstrated with the
highly birefringent PCF by adjusting the polarisa-
tion states of input field along the slow and fast axis.
Controlled dispersion of the doublet of fundamental
guided-modes results in achievement of the input laser
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field falling within the anomalous dispersion region,
and the phase-matching conditions are met. The light
field strongly confined in slow (x) and fast (y) axes in
the core region enhances the corresponding nonlinear-
optical process through the remarkable nonlinear bire-
fringence, and this is confirmed by the observation
of the output spectral features and near-fields in

experiment. Our further works are primarily ref-
ered to generating polarisation-sensitive supercontin-
uum with wide and flattened bandwidth through this
phase-matching FWM and SSF'S using much longer fi-
bres, providing efficient polarisation-adjustable multi-
channel light source for the communication system

based on radio over fibre.
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