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Nonlinear pulse propagation in birefringent multimode
optical fibers or photonic crystal fibers (PCFs) can be
exploited to realize novel fiber-based light sources. In

this letter. polarization-dependent intermodal four-wave

mixing (FWM) is demonstrated experimentally in a
birefringent multimode PCF (BM-PCF) designed and
fabricated in-house, Femtosecond pump pulses at
wavelength ~800 nm polarized along one of the principle
axes of the BM-PCF are coupled into normal dispersion
region away from the zero-dispersion wavelengths of the
fundamental guided mode of the BM-PCF. Anti-Stokes
and Stokes waves are generated in the second-order
guided mode at visible and near-infrared wavelength,
respectively. For pump pulses at average input power
500 mW polarized along the slow axis, the conversion
efficiencies 7.s and 175 of the anti-Stokes and Stokes waves
generated at wavelengths 579.7 and 1290.4 nm are 19
and 14%, respectively. For pump pulses polarized along
the fast axis, the corresponding 77.s and 7s at 530.4 and
1627 nm are 23 and 18%, respectively. It is also observed
that fiber bending and intermodal walk-off have small
effect on the polarization-dependent intermodal FWM-
based frequency conversion process.
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Nonlinear propagation dynamics of ultrashort pulses in single-mode
optical fibers or photonic crystal fibers (PCFs) [1] have been
extensively studied [2,3]. Single-mode PCFs with the dispersion and
nonlinearity characteristics necessary for the study of nonlinear
processes of interest might require the PCFs to have small or even sub-
wavelength core diameters. In practice, it is not easy to fabricate such
single-mode PCFs, and such fibers may also suffer from high
confinement loss especially when the longer fibers are used. In
addition, the maximum achievable power spectral density for
ultrashort pulse operation in these PCFs is limited by the laser outputs

and the low material damage threshold for the small core diameters.
An effective solution to the problem is to operate in the multimode

regime using multimode PCFs with large core diameters. Recently,
multimode nonlinear fiber optics has attracted considerable interests

[4-8]. By controlling the mode coupling dynamics and intermodal
dispersion in multimode PCFs, many intermodal nonlinear optical
effects, including intermodal four-wave-mixing (FWM) [9-11],
intermodal cross-phase modulation [4,12], spatiotemporal soliton
dynamics [13,14], etc, have been investigated both theoretically and
experimentally. Among them, intermodal FWM, an efficient spectral
conversion technique, can occur among different guided modes when
they propagate inside the multimode PCFs. Because intermodal phase-
matching can be achieved even if the pump pulses are launched away
from the zero-dispersion wavelengths (ZDWs) of the guided modes of
the PCFs, the phase-matching condition of intermodal FWM does not
depend on the ZDWs of the PCF as the case of intramodal FWM
[15,16]. Thus, the constraints on the PCF design and the choice of the
pump sources for intermodal FWM are relaxed when compared to
intramodal FWM. Moreover, as the idler and signal waves with large
frequency shift relative to the pump wave are generated in the higher-
order guided modes and far away from the ZDWs, there would not be
any interference induced by ZDW-dependent supercontinuum (SC)
generation [17,18]. Since Lesvigne et al. demonstrated the nonlinear
dynamics of intermodal FWM during SC generation in 2007 [8],
intermodal FWM has been used to convert the energy of the pump
lasers operating at visible and near-infrared wavelengths to the
desired spectral regions.

High birefringence in PCFs could be obtained by introducing
asymmetric structures into the core-cladding region of the PCFs.
Intermodal nonlinear interactions in birefringent multimode PCFs
(BM-PCFs) exhibit vectorial dynamics because in general the guided
modes involved have different dispersion profiles, spatial distributions,
and polarization characteristics [11,19,20]. Thus, intermodal FWM-
based frequency conversion of ultrashort laser pulses in BM-PCFs
depends on both the polarizations of the input ultrashort pulses, and
the direction they are injected into the BM-PCFs. Consequently, even if
the input ultrashort pulses are polarized, but if they are not injected
along either of the principle axis of the BM-PCFs, the input pulses will
still go through complex vectorial evolution. If the injected pulses are
not aligned with one of the fiber principle axis, the input pulses can be
decomposed into two partial pulses along the two fiber principle axes.
If the partial pulses in each principle axis have sufficient initial energy,
they will undergo intermodal FWM and generate anti-Stokes and
Stokes waves in their respective higher-order guided modes. The
coupling between the partial pulses in the two principle axes could also
lead to nonlinear effects such as cross-phase modulation instability
(MID). In this letter, we will focus our investigation on the use of
intermodal FWM for frequency conversion without the constrain of
the ZDWs. Thus, we will inject the ultrashort pulses along one of the
fiber principle axis only. In addition to a simpler and easier to control



frequency conversion process, injection along one of the principle fiber
axis also allows the maximum amount of input pulse energy to be
utilized in the intermodal FWM-based frequency conversion. In the
following, we have demonstrated experimentally polarization-
dependent intermodal FWM-based frequency conversion by launching
femtosecond pump pulses at ~800 nm, which is deep into the normal

dispersion region of the fundamental guided mode of a BM-PCFE.
Finally, we will discuss the influences of the fiber bending and

intermodal walk-off effect.

The air-silica BM-PCF is designed and fabricated by using the stack-
and-draw method in our laboratory. Fig. 1(a) shows the microscope
image of the BM-PCF. From Fig. 1(a), the core and cladding structure of
the BM-PCF has the six-fold symmetry. The air holes are arranged in a
standard triangular lattice, and the elliptical core gives rise to the
birefringence. The core diameters measured along the slow and fast
axes are 6.7 and 5.1 um, respectively. The group velocity birefringence
is on the order of 102 at ~800 nm. The average relative size of the air-
holes (d/A) is ~0.8. The large effective refractive index difference
between the silica core and air-silica cladding region means the BM-
PCF can support multiple guided modes. In this paper, we will focus on
only the fundamental (1st) and second-order (2nd) guided modes. Fig.
1(b) shows the effective refractive indices of the 1st and 2nd guided
modes calculated for the slow and fast axes of the BM-PCF within the
wavelength range 04 to 2 pm. Fig. 1(c) shows the corresponding
group-velocity dispersion coefficients derived from the effective
refractive indices, where the ZDWs of the 1st and 2nd guided modes
for the slow axis are located at 1087 and 998 nm respectively, and that
for the fast axis are located at 1013 and 926 nm, respectively. Insets 1
and 2 of Fig. 1(c) show the spatial distribution profiles of the 1st and
2nd guided modes of the slow axis calculated at wavelengths 800 and
580 nm. Insets 3 and 4 of Fig. 1(c) show that for the fast axis. In the
experiments reported below, femtosecond pump pulses at ~800 nm
will be injected into the deeply normal dispersion region of the 1st
guided mode of the BM-PCF. Thus, the phase-matching condition of
intramodal FWM is not satisfied. However, the ZDW-independent
intermodal FWM between the first two guided modes can still occur.
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Fig. 1. (a) Microscope image of the BM-PCF. (b) The effective refractive
indices of the fundamental (1st) and second-order (2nd) guided modes
calculated for the slow and fast axes of the BM-PCF. (c) The
corresponding group-velocity dispersion curves calculated from the
effective refractive indices in (b). Insets 1 and 2 in (c) show the spatial
distribution profiles of the 1st and 2nd guided modes calculated at
wavelengths 800 and 580 nm of the slow axis, respective. Insets 3 and
4 1in (c) show that for the fast axis.

Fig. 2 shows the experimental set-up. We use a commercial
Ti:sapphire laser as the pump source, which has a central wavelength

of 800 nm, pulse width of 120 fs, and repetition rate of 76 MHz. An
optical isolator is placed after the laser to guard against light
backscattered into the laser resonant cavity. We introduced a positive
chirp in the laser output by using a grating-based compressor. The

laser pulses are broadened from 120 to 273 fs. The average input
power and polarization state of femtosecond pump pulses are
controlled by the combination of a variable attenuator, polarizer, and
half-wave plate. With a 40x objective, the chirped femtosecond pump
pulses are coupled into either the slow or the fast axis of a 30 cm long
BM-PCF. The free-space-to-fiber coupling efficiency is 65%. A black-
and-white CCD camera is used to monitor the coupling state of the
pump light at the incident end of the BM-PCF and to observe the output
far-fields of the residual pump and new optical waves generated. We
launch the pump light into the 1st guided mode of either the slow or
the fast axis by adjusting the incident angle and the excitation radial
position of the BM-PCF. The propagation loss is measured to be ~0.92
dB/m around 800 nm with the cut-back method. The optical spectra
from the output end of the BM-PCF are recorded by the two optical
spectrum analyzers (OSA1, Avaspec-256, and OSA2, Avaspec-NIR-
256).
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Fig. 2. Schematic of the experimental set-up used.

For intermodal FWM, which involves two pump photons in the 1st
guided mode, and the anti-Stokes and Stokes photons in the 2nd
guided mode, phase-matching can be achieved if both the 1st and 2nd
guided modes are in either one of the two fiber principle axes of the
BM-PCF. The contribution of nonlinearity to the intermodal phase-
mismatch factor §f can be neglected because the peak power of the
femtosecond pump pulses rapidly reduces when the pulses broaden
from 120 to 273 fs [9,10,21]. Thus, the 65s and (3 for the slow and fast
axes of the BM-PCF are given b =201 —LBs0D( ) =0
and  Ofr= 20O ) —LBr02( c0s)-LrO2)(cns).  respectively,  where
BsO(an), LD (), BsOD(ns), and LrOD(en), LrO(ax), BrO2(ans)
correspond to the propagation constants at the angular frequencies wp,

ws=wp—Q, and was=wp+Q of the pump, Stokes, and anti-Stokes wave
respectively. (2 is the Stokes frequency shift relative to the initial pump.

The superscripts (01) and (02) represent the 1st and 2nd guided
modes, and the subscripts S and F represent the slow and fast axes of
the BM-PCF, respectively. §fs and 6fr are functions of angular
frequencies wp, ws, and was, and they can be respectively calculated
from the effective refractive indices of the 1st and 2nd guided modes
for the two fiber principle axes of the BM-PCF shown in Fig. 1(b).
Intermodal FWM-based frequency conversion requires the phase-
matching conditions §fs =0 and §fr =0 to be satisfied.

In the experiment, the incident pump pulses are polarized along
one of the two fiber principle axes. First, we fix the pump wavelength A,
at 800 nm and change the average input power Pay from 300, to 400,
and to 500 mW (the corresponding peak powers are 36, 48, and 60
kW), respectively. Figs. 3(a) and 3(b) show the calculated 6fs and &fF
without the nonlinearity contribution. From Figs. 3(a) and 3(b), §8s=0
is achieved at visible and near-infrared wavelengths of 579.9 and
1290.1 nm, and §fF = 0 is achieved at wavelengths 530.6 and 16274
nm, respectively. At the middle region, the values of §fr and 6fs are
small (tens of m™), but they are not equal to zero. As femtosecond
pump pulses are launched into deeply normal dispersion region of the
1st guided modes, soliton dynamics will not occur. The normal
dispersion and self-phase modulation (SPM) effect still play an
important role in the initial spectral broadening. Figs. 3(c) and 3(d)
show the optical spectra observed from the output end of the BM-
PCF’s slow and fast axes, respectively. From Figs. 3(c) and 3(d), the
anti-Stokes and Stokes waves are generated at wavelengths of 579.7
and 1290.4 nm, and 530.4 and 1627 nm for the slow and fast axes of
the BM-PCF, respectively. The corresponding 2 is ~4750 and 6354
cm, respectively. The experimental results are consistent with that




from calculation shown in Figs. 3(a) and 3(b). Thus, nonlinear effects
do not contribute to the phase-matching condition. Insets 1 and 2 of
Figs. 3(c) and 3(d) show the observed output far-fields, which indicate
that the pump and generated anti-Stokes waves are propagated in the
1st and 2nd guided modes of the slow and fast axes of the BM-PCF,
respectively. The observations agree well with the calculated spatial
distribution profiles of the two guided modes shown in the four insets
of Fig. 1(c). In addition, the dispersion and SPM together broaden the
spectra of the anti-Stokes and Stokes waves generated in the normal
and anomalous dispersion regions of the 2nd guided modes.

We define the conversion efficiencies 7as and s of the anti-Stokes
and Stokes waves as the ratios between the output powers Pas and Ps of
the generated anti-Stokes and Stokes waves and the average incident
pump power Pay, respectively. Figs. 3(e) and 3(f) show the dependence
of Pas and Ps and the corresponding 7as and s on Pay, respectively. For a
coupling efficiency of 65% and Pay = 300, 400, and 500 mW, the
measured Pas and Ps are 13.65,31.2,61.75 mW, and 7.8, 20.8,45.5 mW
for pump pulses injected in the slow axis, and are 17.55, 39, 74.75 mW,
and 11.7, 28.6, 585 mW for pump pulses injected in the fast axis,
respectively. The corresponding 77.s and s increase from 7, to 12, and
to 19%, and from 4, to 8, and to 14% for the slow axis, and from 9, to
15, and to 23%, and from 6, to 11, and to 18% for the fast axis,
respectively. The maximum 7as and 7s for Py = 500 mW and A, = 800
nm are 19 and 14% for the slow fiber principle axis, and 23 and 18%
for the fast axis, respectively. The main reasons for higher 7.s and s for
pump pulses injected in the fast axis than that of the slow axis are the
smaller core diameter and larger nonlinear coefficient of the fast axis.
Assuming pump depletion, constant nonlinear coefficient, and no loss,
the maximum 7as and 7s calculated are ~22.3% and 16.8% for the slow
axis, and ~26.2% and 20.9% for the fast axis, respectively. The
differences between the experimental results and theoretical
calculations are: (1) The material absorption loss, leaky and scattering
losses of the core-cladding structures, and diffraction loss of the optical
fields reduce the output powers of the generated anti-Stokes and
Stokes waves; (2) The fluctuations of the geometric structure along the
fiber affect the dispersion and polarization characteristics of the two
guided modes, and thus have a detrimental effect on the intermodal
phase-matching condition.

In Figs. 3(c) and 3(d), we observe multi-peak fine structures of the
anti-Stokes and Stokes waves generated. The main reasons are that
first part of the pump energy is coupled into the other polarization
states of the two fiber principle axes of the 1st and 2nd guided modes
of the BM-PCF. Second, the 1st and 2nd guided modes are coupled with
the other higher-order guided modes. Third, nonlinear interactions
between the multiple modes are rather complex particularly when
polarization effect is also taken into account. We observed that vector
M], such as the polarization MI in [22], is not triggered. The large
normal dispersion around 800 nm, large group-birefringence, vectorial
multimode nonlinear optical process, and longitudinal non-uniformity
of the BM-PCF together suppress the polarization MI. Finally,
stimulated Raman scattering does not occur within 30 cm of fiber used
in the experiment because of the short fiber length [21]. By optimizing
the core and cladding geometric structures of the BM-PCF, the
efficiency of the intermodal FWM-based frequency conversion can be
further enhanced.

In the following, we investigate the effects of the pump wavelength
Ap on the intermodal FWM-based wavelength conversion. When Pay =
500 mW and A, varies from 800, to 810, and to 820 nm, similar
intermodal FWM processes with a slightly different 2 are observed.
Figs. 4(a) and 4(b) show the output optical spectra when femtosecond
pump pulses are polarized along the slow and fast principle axes of the
BM-PCF, respectively. Insets of Figs. 4(a) and 4(b) show that the anti-
Stokes wavelengths A« are centered at visible spectral region of 579.7,
580, and 580.5 nm for input pulse polarized in the slow axis and 530.4,
530.8, and 531.3 nm for the fast axis at A, = 800, 810, and 820 nm,
respectively. Similarly, the Stokes wavelengths As are centered at near-
infrared spectral region of 1290.4, 1342.3, and 1395.9 nm for the slow

axis and 1627, 1708.9, and 1795.8 nm for the fast axis, respectively.
The corresponding (2 is about 4750, 4896, and 5031 cm™ for the slow
axis and 6354, 6494, and 6627 cm! for the fast axis, respectively. Figs.
4(c) and 4(d) show the dependence of the wavelengths A and As on .
From Figs. 4(c) and 4(d), we observed that Ass is insensitive to the
variation of Ap when compared to that of As. This property is
significantly different from that observed in intramodal FWM, and can
be used to obtain stable wavelength output from pump laser sources
suffering from operation wavelength drift. In addition, as A, is tuned
from 800 to 820 nm, the conversion efficiencies from the pump waves
to the anti-Stokes and Stokes waves generated are reduced. This is due
to the increasing group velocity mismatch between the optical waves
involved and the decreasing mode-field overlap between the 1st and
2nd guided modes of the BM-PCF.
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Fig. 3. The calculated phase-mismatch factors 6fs and 6gr for pump
pulses injected at the (a) slow and (b) fast axis of the BM-PCF. The
pump wavelength A, =800 nm and average input power Pay =300, 400,
and 500 mW (the corresponding peak powers are 36, 48, and 60 kW).
(c) and (d) are the output optical spectra observed from the slow and
fast axes of the BM-PCF, respectively. Insets 1 and 2 of (c) and (d) show
the output far-fields of the residual pump and anti-Stokes waves
generated for the slow and fast fiber principle axes, respectively. The
observations are made by a black-and-white CCD camera, and A, =800
nm and Pa =500 mW. (e) and (f) show the dependence of the
measured output powers Pas and Ps and the conversion efficiencies 7as
and s of the generated anti-Stokes and Stokes waves on Pay for the
slow and fast fiber axes, respectively.

Finally, we study the effects of fiber bending and intermodal walk-
off effect on the polarization-dependent intermodal FWM process. The
pump wavelength Ap = 800 nm and Pay =500 mW. Fig. 5(a) shows the
dependence of Pas and Ps on the fiber bending radius R at the input end
of the BM-PCF when the pump pulses are polarized in the slow axis.
The wavelength Aas = 579.7 nm and As = 1290.4 nm. Similarly, Fig. 5(b)
shows the dependence of Pas and Ps on the fiber bending radius R when
the pump pulses are polarized in the fast axis. The corresponding Aas =
530.4 nm and As = 1627nm. In Fig. 5(a), for pump pulses injected in the
slow axis, when R is reduced from 20 to 5 mm, Pas is reduced from
61.75 to 58.8 mW, and Ps is reduced from 45.5 to 39.9 mW. The



variation rates of Pas and Ps with R are 0.197 and 0.373 mW/mm,
respectively. In Fig. 5(b), when the pump pulses are injected along the
fast fiber principle axis, when R is reduced from 20 to 5 mm, Pxs is
reduced from 74.75 to 69.4 mW, and Ps is reduced from 58.5 to 49.2
mW, respectively. The variation rates of Pasand Ps with Rare 0.357 and
0.62 mW/mm. From Figs. 5(a) and 5(b), the effect of fiber bending on
Pas and Ps is very small. Thus, intermodal FWM is insensitive to the
variations of R when the pump pulses are injected in either fiber
principle axis. The main reason is that the Stokes waves, which are
spontaneously established and propagated in the second-order guided
mode, play an important role for the unseeded FWM process [9,10].
Because the BM-PCF used has a large d/A in the fiber cladding region,
the leaky loss of the Stokes waves and the dispersion fluctuation of the
second-order guided mode induced by the BM-PCF bending are

efficiently suppressed.
Next, we investigate the effect of intermodal walk-off between the

pump, anti-Stokes, and Stokes pulses propagating in the 1st and 2nd
guided modes by using the intermodal walk-off factor [4,21]. For the
BM-PCF and the parameters of femtosecond pump pulses used in this
work, the intermodal walk-off factors of the slow and fast axes at A, =
800, 810, and 820 nm are less than 3.5 fs/mm. Furthermore, because
the incident pump pulses are broadened from 120 to 273 fs by the
initial positive chirp, the intermodal FWM-based frequency conversion

is maintained within a walk-off length of ~8 cm. It is believed that the

effect of intermodal walk-off can be further reduced by optimizing the

arameters of the BM-PCF geometric structure and pump pulses.
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Fig. 4. (a) and (b) show the output optical spectra when femtosecond
pump pulses at wavelength A, =800, 810, and 820 nm and average
input power Pay =500 mW polarized along the slow and fast principle
axes, respectively, are injected into the BM-PCF used. The insets in (a)
and (b) show the zoom-in spectra of the visible anti-Stokes waves. (c)
and (d) show the dependence of the generated anti-Stokes wavelength
Jas and Stokes wavelengths As on Ap, respectively.
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Fig. 5. The dependence of anti-Stokes wave power Pas and Stokes wave
power Ps on the bending radius R at the entrance end of the used BM-
PCF for pump pulses injected along the (a) slow and (b) fast axis,
respectively. The pump wavelength A, =B00 nm and average input
power Pay=500 mW.

In summary, polarization-dependent intermodal FWM is
experimentally demonstrated by launching femtosecond pump pulses
at ~800 nm, which is deep into the normal dispersion region of the 1st

guided modes and polarized along either the slow or the fast principle
axes of a BM-PCF. We observed that because of intermodal phase-

matching, the pump waves propagating in the 1st guided modes can be
efficiently converted to the visible anti-Stokes waves and near-infrared
Stokes waves in the 2nd guided modes. Moreover, we found that fiber
bending and intermodal walk-off have small effect on the intermodal
FWM-based frequency conversion processes. The intermodal FWM
demonstrated in the BM-PCF overcomes the reliance on the ZDWs to
satisfy the phase matching condition as is the case for intramodal FWM,
and this could be used to generate tunable anti-Stokes and Stokes
waves within the visible to near-infrared wavelength range by
controlling the pump power, wavelength, and polarization. In future
work, we will investigate polarization-dependent nonlinear multimode
dynamics and frequency conversion of ultrashort pulses in BM-PCFs
when the polarized pump pulses are not injected along one of the fiber
principle axes.
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