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Nonlinear interaction between spectral components in two different photonic bandgaps is experimentally
demonstrated by launching femtosecond pulses near a zero-dispersion wavelength of a hybrid photonic crys-
tal fiber, which guides by a combination of total internal reflection and bandgap effects. It is demonstrated
that the initial pulse becomes spectrally broadened, and narrowband resonant radiation is generated in a
different bandgap from the one responsible for guiding at the pump wavelength. The spectral intensity of the
resonant radiation peaks at 2.7 dB below that of the broadened pulse in the pump-guiding bandgap. © 2008

Optical Society of America
OCIS codes: 060.5295, 190.0190, 190.7110.

Photonic crystal fiber (PCF) technology provides effi-
cient dispersion management that is extremely use-
ful for nonlinear optics. The optical properties of
PCF's are determined by the cladding photonic crys-
tal and the core size. Hybrid photonic crystal fiber
[1], see Fig. 1, is a novel type of PCF that guides by
virtue of two propagation mechanisms simulta-
neously. Its structure is composed of air holes and
germanium-doped silica rods arranged around an un-
doped silica core. Total internal reflection and anti-
resonance effects [2], central to one-dimensional pho-
tonic bandgap (PBG) formation, act together to
confine light within the guiding core. Light at wave-
lengths satisfying the antiresonant condition is
guided in the pure silica core by antiresonant reflec-
tion from periodically placed high-index rods. There-
fore, light is going to be guided in its core by index
guiding in one direction and the by antiresonance ef-
fect in the other, even if the PBG structure is not a
full two-dimensional photonic crystal structure.

The possibility of exploiting both propagation
mechanisms enables nonlinear fiber optic experi-
ments in new dispersion regimes. To illustrate this, a
femtosecond system was used to perform nonlinear
experiments using a hybrid PCF by launching light
near one of its zero-dispersion wavelengths (\).

Nonlinear experiment: The hybrid PCF used in this
paper is shown in Fig. 1, having air hole diameter
d=1.59 um, interhole spacing A=3.85 um, germa-
nium rod diameter D=3.75 um, and a gradient index
with maximum step An=2.03%. Figure 2(a) shows
simulations of its confinement loss and chromatic dis-
persion. The fiber provides three transmission win-
dows over the wavelength range shown. The first one
suffers from very high confinement loss. On the other
hand, the two shorter windows provide an acceptable
confinement loss and constitute the PBG regions of
relevance to this work, in which we are going to use
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very short fiber lengths. A supercontinuum source
was used to measure the spectrum transmitted
through 1 m of the fiber, shown in Fig. 2(b). It consti-
tutes two PBGs that closely correspond to the calcu-
lated transmission windows. The discrepancy be-
tween them is due to uncertainties in the fiber
structural parameters. The second PBG is centered
on 800 nm, and the third PBG is in the visible region
around 600 nm. It is well known that PBG fibers pro-
vide one A\ for each PBG [3]. We have demonstrated
that dispersion in hybrid PCFs is a result of both
propagation mechanisms, so it can be efficiently con-
trolled to obtain a \( at an advantageous position in-
side each PBG [1]. The geometry was chosen to en-
sure that there is one \q in the wavelength range of
our femtosecond system, which consists of a fiber-
based optical parametric amplifier, producing 60 fs
pulses at a 1 kHz repetition rate.

A pulse centered at 830 nm was coupled into 28 cm
of hybrid PCF. By using a variable attenuator, the av-
erage power (P;,) was controlled and varied between
10 and 240 uW. Figure 3(b) shows the nonlinear be-
havior as a function of P;,. The initial pulse becomes
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Fig. 1.
holes and the white inclusions are Ge-doped rods.
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Fig. 2. (Color online) Hybrid PCF results: (a) Simulations
of confinement loss and chromatic dispersion; (b) measured
transmitted spectrum and the calculated 2nd and 3rd order
PBGs shown in gray.

224 order PBG

spectrally broadened, and above 10 uW of input
power we can see the appearance of resonant radia-
tion (RR) that was emitted in the visible range by a
soliton that is formed (slightly shifted by the Raman
effect at about 860 nm [4]) from the input pulse. The
soliton is situated in the second PBG, whereas the
emitted dispersive radiation resides in the third
PBG. This implies nonlinear interaction between
spectral components within these bandgaps, which
becomes efficient only when the radiation condition
occurs. We will support these statements in the fol-
lowing with an analysis of both the radiation condi-
tion and the nonlinear output spectra in the third
PBG.

The radiation condition between the soliton and
the emitted radiation [5] is satisfied at a frequency o
given approximately by k(w)=1yqg, where k(w) is a
moving-frame measure of the linear propagation con-
stant at frequency o compared with its value at the
soliton central frequency in the second PBG, v is the
nonlinear coefficient, and ¢=1/2, with I the soliton
intensity. We estimated the nonlinear coefficient, tak-
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Fig. 3. (Color online) Nonlinear analysis as a function of
input power: (a) Radiation condition curve between soliton
wavenumber and radiation; (b) Measured output spectrum
of pump and RR.
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ing into account the simulated effective area, in vy
=7 Wl km™. k(w) is expanded up to the third-order
dispersion term: k(w)=BAw?/2+B3Aw3/6 where Aw
=w-w, with @y the soliton central frequency. The
solitonic regime corresponds to 8, <0, and in the ab-
sence of third-order dispersion, there cannot be any
emission of RR. However, if B3 is positive and
nonvanishing, the perturbation introduced is suffi-
ciently strong to stimulate the emission at specific
wavelengths, calculated using the above formula. See
Fig. 3(a) for simulations of the radiation condition
based on the nonlinear Schridinger equation using
calculated dispersion and mode effective area data.
PBGs of interest are indicated approximately by the
gray areas. These simulations give good qualitative
agreement with experimental observations of the
output spectra in the third PBG shown in Fig. 3(b).
Resonant frequencies are given by the intersections
between yq and £(\) and are indicated with gray dots
for three different input powers: A, B, and C corre-
spond to 1, 30, and 100 uW, respectively. The reso-
nant frequency is slightly shifted toward shorter
wavelengths when the input soliton P;, increases.
This clearly indicates that a soliton is formed in the
second PBG and that the radiation observed in the
third PBG is RR.

The radiation condition depends only on the disper-
sion of the second PBG, where the soliton is
launched. Although a resonant dispersive wave emit-
ted from a soliton has also been observed in PBG fi-
bers filled with liquids [6], the most interesting and
unique feature of our work is that the radiation con-
dition occurs between two different bandgaps at
widely separated wavelengths. The RR is created in
the normal dispersion region of the third PBG,
whereas the soliton is in the anomalous dispersion
region of the second PBG. The strong RR obtained in
the visible range demonstrates that the soliton is
launched very close to the one A\, owing to the expo-
nential sensitivity of the radiation’s intensity to its
spectral detuning with the soliton [5]. When an in-
tense ultrashort pulse propagates near A, of an opti-
cal fiber, the input spectrum evolves into two well-
separated components. When B, is small, the pulse
experiences strong self-phase modulation, which
broadens its spectrum. Higher-order dispersion
terms are significant, so as the pulse bandwidth
broadens, different parts of the spectrum experience
different B,. When B3 is the dominant term, opposite
sides of the pulse spectrum experience normal or
anomalous B;. On the anomalous side, the pulse
spectrum continues to broaden until B, becomes
large enough to roughly balance self-phase modulu-
tion, at which point we obtain a stable soliton with a
pronounced shift in center frequency. Spectral compo-
nents of the soliton tail are in resonance with a dis-
persive wave.

Figure 4 presents an experimental analysis of the
nonlinear response as a function of the pump central
wavelength (Ac¢). As expected, the longer \c, the
shorter the central RR wavelength. This is because
as A¢ moves further from A\, at approximately
820 nm [Fig. 2(a)l, B, increases relative to B;, and the



an asymmetric stress field within the core that in-
duces a sizeable birefringence [7]. The asymmetric
stress distribution will split the two polarization
modes and cause a polarization-dependent loss. Cal-
culations of stress birefringence effects will form the
basis of a future work. The inset of Fig. 5 shows that
the infrared light was converted to green light in the
PCF core.

We have observed, for the first time to our knowl-
edge, nonlinear interaction and wavelength conver-
sion between two different bandgaps. The initial
pulse becomes broadened, and RR emitted by a soli-
ton is observed in the visible range (green light). The
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Fig. 4. (Color online) Nonlinear response as a function of

pump central wavelength.

radiation condition involving k(w) requires a shift to
shorter wavelengths.

Figure 5 shows an experimental result obtained by
launching a pulse centered at 830 nm into 28 cm of
Hybrid PCF at P;,=120 uW. It gave the most effi-
cient excitation of RR, in which the spectral intensity
of the RR peaks at 2.7 dB below that of the broad-
ened pulse in the pump-guiding PBG. This improve-
ment was achieved by optimizing the pulse polariza-
tion at the fiber input. The Ge inclusions produce a
significant stress field, and since they are positioned
along a line through the structure, they give rise to
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Fig. 5. (Color online) The most efficient RR excitation case

and a photograph of green light at the fiber output.

soliton is situated in the second PBG, whereas the
dispersive radiation lies in the third PBG. The spec-
tral intensity of the resonant radiation peaks at
2.7 dB below that of the broadened pulse in the
pump-guiding PBG. Hybrid PCFS are appropriate for
experiments in nonlinear fiber optics in new disper-
sion regimes.
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