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Single-spatial-mode Raman generation in an ethanol-filled photonic bandgap fiber is demonstrated. Due to
the limited bandwidth of the fiber, the generation is limited to the first Stokes order only, allowing high
generated power without any visible decrease of the conversion efficiency. The realization of these two key
properties opens the way to the realization of optimized compact nonlinear wavelength converters that will
accommodate a large variety of usable liquids. © 2007 Optical Society of America
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Since their appearance one decade ago, photonic
crystal fibers have led to numerous developments in
various domains of fiber technolog‘ies.lf This is espe-
cially true in the field of nonlinear optics, where the
possibility of decreasing the mode field diameter and
tailoring the dispersion of the fiber has opened the
way to the optimization of numerous nonhnear de-
vices, such as supercontinuum sources or paramet-
ric sources of correlated photons.” Despite the great
advances brought by these fibers, they are still lim-
ited by the use of silica as nonlinear material. The
use of photonic crystal fiber with a core material with
higher nonlinear susceptibility such as liquid or
gases®™ would lead to even higher increases in the
performance of nonlinear devices and new applica-
tions brought by the large variety of usable liquids
and gases. Besides, liquid- and gas-filled photonic
crystal fibers have several original propagation prop-
erties, including transmission bands that can be used
to favor or prevent a given nonlinear mechanism. In
the case of the stimulated Raman scattering experi-
ments described here, the Raman cascade can be
stopped to a given Stokes order by placing the next
order outside the transmission band. The chosen
Stokes order is then generated efficiently with high
power output without being depleted by the next-
order generation.

The use of gases with an index very close to 1 does
not drastically change the propagatlon propertles of
hollow-core photonic crystal fibers,®” but this is not
the case with liquids, which usually have higher re-
fractive indices. Until now nonhnear experiments
with liquid-core photonlc crystal fibers® have used an
air-filled cladding, requiring that the cladding holes
at both extremities of the fiber be closed. Despite in-
teresting results, this first experiment with this ap-
proach suffered from several drawbacks. The first is
the multimode structure of the generated beam,
which limits its practical use as a Raman generator.
The second is the generation of multiple Stokes or-
ders that limit the power transferred to the first
Stokes order. In this Letter we present what is, to the
best of our knowledge, the first implementation of a
single-mode single Raman order generator using a
totally liquid-filled photonic bandgap fiber, opening
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the way toward high-efficiency single-mode Raman
sources.

The fiber that is the basis of our experiment is a
commercial hollow-core photonic bandgap fiber. The
choice of the fiber was governed by several con-
straints mainly linked to the choice of the liquid and
of the pump beam used in our nonlinear experiment.
Our aim was to observe Raman generation in ethanol
pumped by a frequency-doubled Nd:YAG laser, so the
filled fiber should have good transmission for both
the pump at 532 nm and the first Stokes order of eth-
anol at 630 nm (Raman shift of 2928 cm™!). To take
into account the shift of the transmission band' due
to filling with a liquid of refractive index 1.36, we had
to choose a hollow-core photonic bandgap fiber with a
band located in the 1 um range when used with air.
Our final choice was HC-1060-02 hollow -core photo-
nic bandgap fiber from CrystalFlber which pre-
sents a band larger than 100 nm centered at
1064 nm. The fiber is fixed at both extremities in two
tanks closed by a glass window. The fiber is filled
from one end usmg capillary forces, waiting just the
necessary time'? to fill all the smaller cladding holes,
then the second tank is filled with ethanol. Once
filled with ethanol, the measured transmission band
of the fiber is shifted to 580 nm with a 3 dB band-
width that extends from about 450 to 670 nm. One
important point is that, if the pump and the first
Stokes wavelength lie in the band as expected, the
second Stokes order of ethanol potentially emitted at
772 nm lies out of the propagation band of the fiber
and will then not be generated.

The experimental setup for the characterization of
the fiber and of stimulated Raman scattering is iden-
tical to the one used in our previous experiment,8
simply adding at the output an imaging system to ob-
serve the near field of the fiber. The laser was a
frequency-doubled nanosecond Nd:YAG microchip la-
ser delivering 0.56 ns pulses at 532 nm at a 6 kHz
repetition rate and energies up to 1.26 ud. The near
field observed at the exit of the fiber was first mea-
sured with both green and red filters [Fig. 1(a) and
1(b)], using a large-area white-light source exciting
all the modes of the fiber. The transmitted modes are
nearly circular at both wavelength ranges and show
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Fig. 1. Near field of the fiber output obtained with a
white-light source using (a) a green filter and (b) a red fil-
ter. Also shown are the near field of (¢) the pump beam and
(d) the first Stokes order beam. The petal-shaped struc-
tures around the Gaussian core are due to the periodic
structure of the cladding.
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Fig. 2. Intensity profile of the Stokes beam far field
(shown in the inset). The dotted curve shows a Gaussian
adjustment of the profile.

multimode structures with the presence of petal
structures that are classically observed in this kind
of fiber'®"! and are due to the periodic structures of
the cladding. By use of the pump laser, the near field
was also observed at both the pump and Stokes
wavelengths [Figs. 1(c) and 1(d)]. The pump beam’s
modal structure is rather similar to the one observed
with the white-light source with a closer to Gaussian
mode structure, which is essentially due to better
coupling of the laser to the core modes. On the other
hand, the modal structure at the Stokes wavelength
shows better quality and emits a single quasi-
Gaussian mode with very low power in the petal
lobes. These lobes can be considered part of the mode
spatial structure that reflects the cladding
symmetry,S’ which is no longer cylindrical as in
usual silica fibers. This single-mode operation is also
encountered in the far field, where a nearly Gaussian
profile is measured (Fig. 2). This better quality is due
to the nonlinear origin of the Stokes line, which fa-
vors the Gaussian part of the pump mode that has a
higher power density and thus sees higher Raman
gain. The mode full width at half-maximum is 4 um

at both wavelengths, smaller than the fiber core di-
ameter, which is 9.7 um.

A typical measurement of the transmission of the
fiber as a function of the incident pump power is
shown in Fig. 3. We observe a linear transmission of
the pump beam, with a slope of 51%, until the thresh-
old for the appearance of the first Stokes order
around 450 W (corresponding to a pulse energy of
250 nd). Then the transmitted pump beam intensity
saturates, whereas the first Stokes order intensity in-
creases with a double slope behavior. Below 1200 W,
we measure a slope of 31% in the regime of satura-
tion of the pump beam and above 1200 W, a slope of
13% when the conversion efficiency regime is
reached. We note that no saturation of the conversion
is seen even at the pump intensities five times above
the threshold that we were able to reach, contrary to
previous measurements,” where the second Stokes
order appears at power only two times above the
first-order threshold. In the present case, as the sec-
ond Stokes order wavelength (at 772 nm) lies outside
the transmission band of the fiber, it is not guided
and thus sees very high losses and is prevented from
being generated. The measured intensities are in
good qualitative agreement with the theoretical
curves® for the part where the second Stokes is pre-
vented from appearing. The main difference is due to
the slightly multimode structure of the pump beam,
which leads to a bad overlap of these higher-order
spatial modes of the pump with the single-mode
Stokes beam. The energy of the pump beam is only
partially coupled to the Stokes beam and is thus not
completely depleted at high power, as predicted by
the single-mode model.’® This bad coupling is prob-
ably also responsible for the greater extension of the
regime of saturation of the pump beam (between 450
and 1200 W). Above 1200 W the pump beam power
continues to slowly decrease as some of the energy of
the higher-order spatial modes is finally coupled to
the Gaussian Stokes mode.

Comparing the slope of the transmitted first Stokes
order intensity (13%) in the conversion efficiency re-
gime (above 1200 W incident power) with the trans-
mission of the pump beam below threshold (51%), we
obtain a value of 25% for the intensity Raman con-
version (i.e., a 30% photon number Raman conver-
sion). This rather good result is probably limited by
the relatively high losses of ethanol at 630 nm as well
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Fig. 3. Plot of the peak intensity transmitted by the fiber
at the pump (circles) and the first Stokes order (triangles)
wavelengths as a function of the incident peak power.
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Fig. 4. Spectra transmitted through the ethanol-filled
photonic bandgap fiber at the highest pump power. The in-

set shows the Lorentzian shape with a width of 0.21 nm
FWHM (dashed curve fit) of the first Stokes order.

as the lower modal transmission of the fiber at this
wavelength, which is closer to the transmission band
edge. This would mean that the 1.14 m long fiber
used is certainly not optimal and that a shorter fiber
would certainly give a better conversion efficiency not
limited by the losses. Beyond this demonstration an
optimization of the fiber for operation with a liquid
will probably be necessary to improve the perfor-
mance.

To confirm the absence of the second Stokes order
that is necessary to obtain very high intensities at
the first Stokes order, we send the output beam into
an optical spectrum analyzer. We could see only the
pump and Stokes lines, which clearly shows the ad-
vantage of the band control provided by the photonic
bandgap fiber. At only the highest pump power, a
third line could be seen to appear at 667 nm (Fig. 4).
This very low intensity line (30 dB below the Stokes
line of interest) has been identified as the 883 cm™!
Raman line of ethanol' pumped by the beam at
630 nm. As the main Raman line of ethanol at
2928 cm™! is prevented from being emitted, this sec-
ond highest Raman line of ethanol (usually blocked
by main line emission) that lies in the fiber band, is
then authorized to be generated. This phenomenon,
already observed in hydrogen-filled fibers,” where it
allows observation of the rotational lines, will have to
be taken into account to set the band of the fiber cor-
rectly (for example, by adjusting the index of the lig-
uid by using a mixture of liquids) and to prevent the
appearance of all the Stokes lines, which may cause
depletion of the first Stokes order.

Beyond the control of the appearance of the higher
Stokes order demonstrated here, the use of gas- or
liquid-filled photonic bandgap fiber transmission
bands can be extended to other nonlinear mecha-
nisms. We can, for example, use the large Stokes
shift of liquids and gases to place the Raman line out-
side the transmission band, keeping the pump power
available for the generation of other nonlinear effects
such as parametric generation. Such an architecture
could be very promising for the generation of corre-
lated photons, where the main limitation comes from

the uncorrelated Raman photons generated simulta-
neously with the correlated photons.” Besides, iden-
tically to silica core photonic crystal fibers, the dis-
persion of liquid- or gas-filled fibers can be optimized
to favor phase-matched nonlinear effect such as
Stokes—anti-Stokes coupling in stimulated Raman
scattering or parametric amplification through four-
wave mixing. Another advantage of the use of a more
efficient nonlinear core material is to relax the con-
straint on the core diameter, leading to fibers with a
mode field diameter compatible with usual single-
mode fibers, allowing better and easier coupling of
these new fibers with usual fiber components.

We have realized and characterized a high-
efficiency single-spatial-mode Raman generator that
uses an ethanol-filled photonic bandgap fiber. Despite
the nonoptimized nature of the commercial fiber
used, good performance was obtained, and the tech-
nique presents good opportunities for the realization
of Raman amplifiers and generators that are able to
operate in the CW regime using optimized fibers.
This architecture combining the nonlinear efficiency
of liquids with the low propagation losses of fibers
opens the way to a new generation of nonlinear opti-
cal devices with high efficiency and tailored proper-
ties.

P. Delaye’s e-mail address is philippe.delaye

@institutoptique.fr.
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