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Cross-phase-modulation-induced instability is identified as a significant mechanism for efficient parametric
four-wave-mixing frequency conversion in photonic-crystal fibers. Fundamental-wavelength femtosecond
pulses of a Cr, forsterite laser are used in our experiments to transform the spectrum of copropagating second-
harmonic pulses of the same laser in a photonic-crystal fiber. Efficient generation of sidebands shifted by more
than 80 THz with respect to the central frequency of the second harmonic is observed in the output spectrum
of the probe field.
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Photonic-crystal fibers �PCFs� �1� offer attractive strate-
gies for the enhancement of nonlinear-optical processes. In
addition to the standard recipes of nonlinear optics of guided
waves, viz., large interaction lengths and phase matching
achieved through a balance between material and waveguide
dispersion components �2�, PCFs suggest important benefits
related to their unique properties. High refractive index steps
attainable with a PCF design can strongly confine the light
field in the fiber core, adding quite substantially to the en-
hancement of nonlinear-optical phenomena �3,4�. Perhaps,
even more important is that the dispersion of guided modes
in PCFs can be tailored by modifying the PCF structure �5�,
offering phase- and group-index-matching solutions and al-
lowing the wavelength of zero group-velocity dispersion
�GVD� to be tuned within a broad spectral range. The tun-
ability of the zero-GVD point leads to solitonic regimes, al-
lowing the frequency of ultrashort laser pulses to be effi-
ciently down-converted through soliton self-frequency shift
�6� and up-converted through the Cherenkov emission of dis-
persive waves �7�. As a result, the enhancement of a whole
catalog of nonlinear-optical phenomena has been demon-
strated with PCFs, with efficient frequency conversion and
spectral transformation implemented through soliton fre-
quency shifts �6� and dispersive-wave emission �7�, four-
wave mixing �FWM� �8�, stimulated Raman scattering �9�,
and third-harmonic generation �10–12�.

In this work, modulation instability �MI� induced by
cross-phase modulation �XPM� �2� is identified as an impor-
tant mechanism of frequency conversion in PCFs. Earlier
experiments have demonstrated that XPM can have a signifi-
cant influence on supercontinuum generation �13� and anti-
Stokes emission �14� in PCFs. Self-induced MI in PCFs, on
the other hand, has been shown �15� to provide a convenient
means for broadband parametric amplification, permitting
the creation of compact and convenient all-fiber-optical op-
tical parametric oscillators. We will show in this paper that

XPM-induced MI, which does not require anomalous disper-
sion �2,16�, suggests convenient and practical control knobs
for the frequency conversion of ultrashort pulses, allowing
the frequency shifts and amplitudes of sidebands in output
spectra of the probe field to be tuned by varying the ampli-
tude of the pump field.

Photonic-crystal fibers used in our experiments were fab-
ricated of fused silica using a standard technology, described
in detail elsewhere �1�. The cross-section view of the PCF is
shown in the inset to Fig. 1. The fiber core diameter was
equal to 4.3 �m. Figure 1 displays the group velocity and
GVD calculated for this PCF using the polynomial-
expansion technique �17�. The standard theory of XPM-
induced MI, as presented by Agrawal �16�, was used to ana-
lyze the main features of this phenomenon for fundamental-
wavelength and second-harmonic femtosecond pulses of a
Cr: forsterite laser copropagating in a PCF with the above-
specified structure. This theory predicts that stationary solu-
tions to slowly varying envelope approximation equations
for the pump and probe fields including dispersion up to the
second order become unstable with respect to a small har-
monic perturbation with the wave vector K and the frequency
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FIG. 1. The group velocity �the solid curve and the right-hand
axis� and the group-velocity dispersion �the dashed curve and the
left-hand axis� calculated as functions of the radiation wavelength �
for the fundamental mode of the PCF with a cross-section structure
shown in the inset.
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� if K has a nonzero imaginary part. The domains
of this instability can be found by analyzing the dispersion
relation ��K−�� /2�2−h1���K+�� /2�2−h2�=C2, where hj

=�2j
2 �2��2+4� jPj /�2j� /4 , C=2�2��21�22�1�2P1P2 , � j

=n2� j / �cSj� are the nonlinear coefficients, �= ��g2�−1

− ��g1�−1 , �2j = �d2� j /d�2��=�j
, Pj ,� j ,�gj, and � j are the

peak powers, the central frequencies, the group velocities,
and the propagation constants of the pump �j=1� and probe
�j=2� fields, n2 is the nonlinear refractive index, and Sj are
the effective mode areas for the pump and probe fields. The
gain of instabilities with a wave number K is given by
G���=2 Im�K�.

Analysis of dispersion properties for the PCFs employed
in our experiments �Fig. 1� yields �21�−500 fs2 /cm,�22
�400 fs2 /cm, and �=150 fs/cm. In Fig. 2, we plot the di-
mensionless frequency shift of the probe field, f =� /�c
�where �c= �4�2P2 / ��22��1/2� and the gain G calculated as
functions of the ratio �1P1 /�2P2. The frequency shift f
changes from approximately 3.3 up to 3.8 as the �1P1 /�2P2
ratio is varied from 0.3 to 2.5. As highlighted by Agrawal
�16�, such a weak dependence of the frequency shift of the
probe field on the pump power is typical of XPM-induced
MI in the regime of pump-probe group-velocity mismatch.
With �2P2�1.5 cm−1, the frequency shift f �3.8 gives side-
bands shifted by � /2	�74 THz with respect to the central
frequency �2 of the second harmonic �which corresponds to
approximately 90 nm on the wavelength scale�. As will be
shown below, this prediction agrees well with our experi-
mental results.

The laser system used in our experiments consisted of a
Cr4+: forsterite master oscillator, a stretcher, an optical isola-
tor, a regenerative amplifier, and a compressor. The master
oscillator, pumped with a fiber ytterbium laser, generated
30 – 60 fs light pulses of radiation with a wavelength of
1.23–1.25 �m at a repetition rate of 120 MHz. These pulses
were then transmitted through a stretcher and an isolator, to
be amplified in a Nd: YLF-laser-pumped amplifier and re-
compressed to the 170 fs pulse duration with the maximum
laser pulse energy up to 40 �J at 1 kHz. A 1 mm thick BBO
crystal was used to generate the second harmonic of ampli-

fied Cr: forsterite laser radiation. Fundamental wavelength,
1235 nm radiation of a femtosecond Cr: forsterite laser and
its second harmonic were used as pump and probe fields,
respectively. As can be seen from Fig. 1, the pump wave-
length in our experiments falls within the area of anomalous
dispersion for the fundamental mode of the PCF, while the
second-harmonic probe lies in the range of normal disper-
sion. The faster pump pulse �see Fig. 1� was delayed in our
experiments with respect to the slower probe pulse at the
input of the PCF by a variable delay time 
.

Figures 2 and 3 present the results of experimental mea-
surements performed with 170 fs pump pulses �fundamental
radiation of the Cr: forsterite laser� with an energy ranging
from 0.2 up to 20 nJ and 3 nJ 180 fs probe pulses �the
second-harmonic output of the Cr: forsterite laser� transmit-
ted through a 5 cm PCF with the cross-section structure
shown in the inset to Fig. 1. For delay times 
 around zero,
the slower probe pulse sees only the trailing edge of the
faster moving pump pulse. In such a situation, XPM pre-
dominantly induces a blueshift of the probe field. For 

��L�750 fs, where L=5 cm is the PCF length, the leading
edge of the pump pulse catches up with the probe field closer
to the output end of the fiber, which results in a predominant
redshift of the probe. To symmetrize the interaction between
the pump and probe fields with respect to the XPM-induced
frequency shift, we choose the delay time 
=�L /2�375 fs.
In the regime of low pump peak powers �less than 3 kW�, the
output spectrum of the probe field displays only slight broad-
ening due to self-phase modulation �Fig. 3�a��. Pump pulses
with higher peak powers lead to radical changes in the output
spectra of the probe field, splitting the central spectral com-
ponent of the probe field and giving rise to intense symmet-
ric sidebands around the central frequency �2 �Figs.
3�b�–3�d��.

The general tendencies in the behavior of the output spec-
trum of the probe field as a function of the pump power
agree well with the prediction of the standard theory of

FIG. 2. The dimensionless frequency shift of the probe field f
�the dashed line and left-hand axis� and the MI gain G �the solid
line and the right-hand axis� calculated as functions of the ratio
�1P1 /�2P2. The filled circles represent the experimentally mea-
sured frequency shifts of the short-wavelength sideband in the spec-
trum of the probe field.

FIG. 3. Output spectra of the second-harmonic field transmitted
through a 5 cm PCF. The power of the pump pulses is �a� 3, �b� 7,
�c� 30, �d� 42, �e� 70, and �f� 100 kW. The power of the probe pulse
is 8 kW.
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XPM-induced MI. In Fig. 2, we compare theoretical predic-
tions for the dimensionless frequency shift of the probe field
f calculated as a function of the ratio �1P1 /�2P2 �the dashed
line� with experimentally measured frequency shifts for the
short-wavelength sideband in the spectrum of the probe field
�filled circles�. In view of the splitting and slight blueshifting
of the central spectral component of the probe field �cf. Figs.
3�a�–3�d��, we define the effective central wavelength of the
pump-broadened probe spectrum as 605 nm. As the pump
power changes from 5 kW up to 42 kW in our experiments,
the shift of the short-wavelength sideband in the output spec-
trum of the second harmonic increases from 80 nm up to
approximately 90 nm. The theory predicts the wavelength
shifts of 76 and 90 nm, respectively, indicating the predomi-
nant role of XPM-induced MI in the observed spectral trans-
formations of the probe field. The amplitudes of sidebands
generated by pump pulses with a peak power of about 40
kW, as can be seen from Fig. 3�d�, become comparable or
may even exceed the amplitude of the spectral components at
the central part of the probe spectrum. The maximum fre-
quency shift of probe-field sidebands achieved in our experi-
ments with 45 kW pump pulses is estimated as 80 THz,
which is substantially larger than typical frequency shifts re-
sulting from XPM-induced MI in conventional fibers �2,18�.
With pump powers higher than 50 kW, both the central spec-
tral components of the probe field and its sidebands featured
a considerable broadening �Figs. 3�e� and 3�f�� and tended to

merge together, apparently due to the cross-phase modulation
induced by the pump field.

We have shown in this work that XPM-induced instabili-
ties open an efficient channel of parametric FWM frequency
conversion in photonic-crystal fibers. Fundamental-
wavelength femtosecond pulses of a Cr: forsterite laser were
used in our experiments as a pump field to generate intense
sidebands around the central frequency of copropagating
second-harmonic pulses of the same laser through XPM-
induced MI in a PCF. This effect leads to efficient pump-
field-controlled sideband generation in output spectra of the
second-harmonic probe field.
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