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Highly nondegenerate femtosecond four-wave mixing in tapered
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We demonstrate efficient, highly nondegenerate four-wave mixing of femtosecond pulses, with a
frequency shift of;6000 cm21, in an 18 cm tapered microstructure fiber. Using a pump at 810 nm
and a signal at 1540 nm, light is generated at wavelengths between 535 nm and 570 nm with 10%
efficiency. Due to the walk-off between pump and signal pulses in the fiber, the interaction length
in the tapered fiber is only 1.4 cm. Ten percent efficiency is achieved in this short length because of
the enhanced nonlinearity of the tapered fiber and its unique dispersion characteristics. ©2002
American Institute of Physics.@DOI: 10.1063/1.1501440#
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Four-wave mixing ~FWM! is a useful technique fo
wavelength conversion,1,2 phase conjugation,3 squeezing,4

and frequency metrology.5 It has been demonstrated in gase
semiconductors, crystals, and optical fibers. Optical fib
are attractive because of their large bandwidth, low loss,
long interaction lengths. In 1974, FWM with a frequen
shift of 2800 cm21 was observed in a 9 cm SiO2:B2O3 clad
waveguide, with a peak pump power of 100 W.6 In 1981,
with 25 kW of peak power, a frequency shift of 2900 cm21

was observed in 1 m of graded index multimode fiber.7 Re-
cently, a frequency shift of 100 cm21 was observed in 6.1 m
of microstructure fiber, which had a small core~1.7 mm! for
nonlinear enhancement.8 The FWM technique has also bee
used for converting femtosecond pulses at 1.5 to 1.3mm.9

However, material and waveguide dispersion, which cont
ute to phase mismatch and group velocity differences, h
made it difficult to achieve highly nondegenerate FWM w
femtosecond pulses. The advent of fiber with ‘‘engineere
dispersion and nonlinearity profiles has mitigated these p
lems.

In this letter, we demonstrate highly nondegener
FWM with frequency shifts as large as 6000 cm21. This is
achieved with femtosecond pulses at 1540 and 810 nm
tapered air-silica microstructure fiber~T-ASMF!.10 The idler
~FWM! wave is generated at wavelengths ranging from 5
to 575 nm, with a maximum conversion efficiency of 10%
an interaction length of 1.4 cm. Highly nondegenerate fo
wave mixing is possible because of the kW peak powers
the femtosecond pulses, the dispersion profile of the fi
and the high nonlinearity of the fiber.

The tapering of the microstructure fiber produces a sm
core diameter of;3 mm, enhancing the nonlinearity by a
order of magnitude.10 The presence of air holes in the cla
ding results in a large core-clad index difference of;0.3.

a!Presently with: Communications Research Laboratory, Tokyo, Japan.
b!Electronic mail: juliet@mit.edu
c!Also with: the Department of Physics.
d!Also with: OFS Specialty Photonics Division, Somerset, New Jersey.
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With this large index difference and small core size, t
T-ASMF can compensate material dispersion and all
phase matching between highly nondegenerate waves in
lowest order mode. In addition to FWM, third-harmonic ge
eration ~THG! from the 1540 nm light is observed. If a
octave-spanning spectra is launched into the fiber, inter
ence between FWM and THG could provide a simp
method for frequency referencing.5

The experimental setup is shown in Fig. 1. Pulses from
femtosecond optical parametric oscillator~1540 nm!, the sig-
nal, and from a Ti:Sapphire laser~810 nm!, the pump, were
launched into an 18 cm T-ASMF fiber section with a co
diameter of 3mm ~outer diameter: 10mm!. Before tapering,
the fiber ~ASMF! consists of a;8-mm-diameter Ge-doped
core, surrounded with a;40 mm silica region. An outer
cladding ~132 mm diameter! surrounds this. In this oute
cladding, there is a hexagonal ring of six~;30 mm diameter!
air holes. The T-ASMF section was formed by adiaba
tapering10 of the ASMF from an outer diameter of 132 to 1
mm, as shown in Fig. 1. As fiber is tapered, light can
longer be confined by the core, but instead propaga
through the central silica region~which is about 3mm in the
taper!, confined by the air holes. After the tapering, the Ge
the initially doped core is diffused throughout the entire ce
tral silica region of the microstructure fiber.

To adjust the relative timing of the signal and pum
pulses, a variable time delay was placed in the path of

FIG. 1. Experimental setup for highly nondegenerate FWM.
4 © 2002 American Institute of Physics
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signal wave. The beams were combined using a dich
mirror and launched into the ASMF with an aspheric le
( f 518 mm). Coupling efficiencies into the fiber for the si
nal and pump ranged from 30% to 40%. The relatively lo
air-to-fiber coupling efficiency was due to the differing sp
sizes for the two wavelengths, and the wavelength dep
dency of the lens focal length and antireflection coating.
the other end of the ASMF, the FWM wave was focused o
a silicon photodetector. Before reaching the T-ASMF,
pulses propagate through an ASMF region. Simulatio
show that the pump pulses, initially;190 fs ~full width at
half maximum!, broaden to;620 fs in the ASMF. The signa
pulses, 150 fs to start, are actually compressed to;100 fs.

Due to the large wavelength separation, the pump
the signal pulses walk-off from each other as they propag
through the T-ASMF fiber. The interaction length can be d
termined from the group index,ng . We performed numerica
simulations to determineng and the group velocity disper
sion ~GVD! of the T-ASMF. We assumed a step-index fib
with a core-clad index difference of 0.3 and a core diame
of 3 mm. The material dispersion in the T-ASMF is calc
lated using the Sellmeier equation of bulk silica.11 The solid
lines in Fig. 2 show the calculated values of group index a
GVD versus wavelength for the lowest order HE mode in
T-ASMF. The dotted lines in Fig. 2 show the group ind
and GVD for the ASMF~8 mm core!. These are calculate
for the lowest order HE mode in the ASMF, using paramet
for Ge-doped silica. We obtain a group index difference
0.0157 for the lowest order HE mode in the T-ASMF, givin
an interaction length of 1.4 cm. The zero dispersion wa
length was estimated to be;858 nm.

When the pump pulse is launched alone, self-ph
modulation causes the 10 nm spectrum to broaden to 55
When the signal is added, we observed idler with wa
lengths ranging from 537 to 575 nm. A typical optical spe
trum of the idler wave is shown in Fig. 3. In Fig. 4, the idl
power is plotted as a function of the incident pump pow
with constant signal power. The parabolic dependence i
cates that two photons of Ti Sapphire beam are annihilate
generate one photon of idler through the FWM process.

With a maximum incident pump power of 180 mW an
signal power of 80 mW, we were able to generate;4 mW of
idler light from the fiber. The coupling efficiency of th

FIG. 2. Calculated group index and GVD vs wavelength for the ASMF a
T-ASMF.
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pump beam was 33% and that of the signal, 44%. The e
ciency of the FWM process, defined asPidler /Psignal, was
;10% ~210 dB!. The green output power is;9% of the
maximum power obtainable, calculated from the Manle
Rowe relations of photon conservation. It is possible that
idler does not remain in the lowest order mode and is inst
converted to higher order modes, degrading the efficienc

We derived an expression for the parametric gain co
ficient of highly nondegenerate FWM following the ap
proaches of Refs. 1, 12 and 13. We assumed an unde
pump, a weak signal, a constant value for the nonlinear
fractive indexn2 , a single effective overlap integral, and n
loss. We obtained

g5A~geffPp!22~k/2!2, ~1!

where geff5(2p/Al i ls)(n2 /Aeff); ls is the signal wave-
length; l i , the idler wavelength;Aeff , the effective mode
area; andPp , the peak pump power. The parameterk is the
phase mismatch,

k5Dk12gpPp . ~2!

Here, the term 2gpPp is the induced pump nonlinearity with
gp5(2p/lp)(n2 /Aeff). The wave vector mismatch

d

FIG. 3. Spectrum of idler~linear scale!. Insets:~a! signal spectrum~log
scale!, ~b! pump spectrum~log scale!.

FIG. 4. Power dependence of the idler on incident pump.
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between the signal, idler, and pump,Dk, is defined as
Dk5ks1ki22kp . In an optical fiber,Dk results from the
bulk medium (Dkm) and the waveguide (Dkw). For a pump
at 810 nm and signal at 1540 nm.Dkm in fused silica can be
as large as 408 cm21. This large wave vector mismatch ca
not be compensated with the waveguide contribution in c
ventional fibers, which have a core-clad index difference
;0.005. However, the T-ASMF fiber, with an index diffe
ence of 0.3, gives a waveguide contribution comparable
the material contribution. Figure 5 plots the wavevec
phase mismatch termsDkm , Dkw , and their sum, versu
signal wavelength~constant pump wavelength!. These values
are plotted for core diameters of 2.5, 3.0, and 3.5mm. The
curves are calculated using a vectorial analysis of a step
dex fiber with an index difference of 0.3, and with all wav
in the lowest order mode, HE11. It is clear that the materia
contribution Dkm can be compensated by the wavegu
contributionDkw , for T-ASMF fibers with diameters of;3
mm and core-clad index differences of 0.3. A more accur
determination of the optimum core size should take into
count the weak dependence of the effective index differe
on the wavelength.14 Higher order modes of the pump ma
also be excited, but their phase velocities do not allow ph
matching. SinceDk depends strongly on the core diameter
is difficult to precisely determine the coherence lengthl coh

for the T-ASMF. Using the curves in Fig. 5, we calculat
the value ofl coh as .06, 0.44, and .06 cm for core diamete
2.5, 3.0, and 3.5mm, respectively.

We calculated an upper bound for the ma
mum conversion efficiency with the formula

FIG. 5. Calculated wavevector mismatch vs signal wavelength~pump wave-
length constant, 810 nm! for T-ASMF with core diameters of 2.5, 3.0, an
3.5 mm. Pump, signal, and idler are in the HE11 mode. The core-clad index
difference is assumed constant~0.3!. Dkm : material contribution:Dkw :
waveguide contribution,Dk: sum.
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h5(ls /l i)(geffPp /g)2 sinh2(gL). This assumes an unde
pleted pump, a weak signal, a constant value for nonlinea
(n2), a single effective overlap integral, and no loss.1,13 Us-
ing Pp51168 W, n253.2310220 m2/W, Aeff55 mm2,
L51.4 cm, andk50, we calculate a maximum conversio
efficiency of 168%. Note that the conversion efficiency, d
fined asPidler /Psignal, can easily exceed 100%. The discre
ancy between the experiment and theory results from de
tions in phase matching, uncertainty in the value of mo
overlap integrals and in the value ofn2 , and loss due to
higher-order mode coupling and scattering. Further enhan
ments in conversion efficiency are expected through fine
justment of the core diameter of the T-ASMF.

In conclusion, we have demonstrated highly nondeg
erate FWM with frequency shifts as large as 6000 cm21 in
T-ASMF fiber. A conversion efficiency of 10% was obtaine
in an interaction length of only 1.4 cm. This was possib
because of the enhanced nonlinearity of the T-ASMF,
unique dispersion profile of the T-ASMF, and the high pe
power of the femtosecond pulses used. Similar interacti
in such fibers could be used for applications in squeez
frequency metrology, and wavelength conversion.
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