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Phase-matched four-wave mixing is demonstrated for millijoule nanosecond pulses guided by photonic band-
gaps of hollow fibers with a two-dimensionally periodic cladding and a core diameter of ~50 um. Raman reso-
nances related to the stretching vibrations of water molecules inside the hollow fiber core are detected in the
spectrum of the four-wave mixing signal, suggesting phase-matched coherent anti-Stokes Raman scattering in
hollow photonic-crystal fibers as a convenient sensing technique for condensed-phase species adsorbed on the
inner fiber walls and trace gas detection. © 2005 Optical Society of America
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1. INTRODUCTION

Hollow-core photonic-crystal fibers (PCFs)!? offer new in-
teresting options for high-field physics and nonlinear op-
tics. Waveguide losses can be radically reduced in such fi-
bers relative to standard, solid-cladding hollow fibers,
owing to the high reflectivity of a periodically structured
fiber cladding within photonic bandgaps (PBGs),?™ allow-
ing transmission of high-intensity laser pulses through a
hollow fiber core in isolated guided modes with typical
transverse sizes of 10-20 um. Owing to this unique prop-
erty, hollow PCFs can substantially enhance nonlinear-
optical processes, including stimulated Raman
scattering,® four-wave mixing (FWM),” coherent anti-
Stokes Raman scattering (CARS),® and self-phase
modulation.” Air-guided modes in hollow PCFs can sup-
port high-power optical solitons'®!! and allow transporta-
tion of high-energy laser pulses for technologicalm’13 and
biomedical* applications.

Several designs of hollow PCFs have been demon-
strated, allowing the fiber structure and, hence, fiber dis-
persion and mode profiles to be adapted to a particular
application. The dominating design solutions include
PCFs with a two-dimensionally periodic hexagonal (hon-
eycomb) photonic-crystal lattice, first demonstrated by
Cregan et al.,! and Kagomé lattice-cladding PCF's, intro-
duced by Benabid et al.’ The typical size of the PCF core
ranges from 6 up to 20 um. It would be interesting and
important for many applications to extend the PCF archi-
tecture to hollow fibers with larger inner diameters. Such
hollow PCFs would allow higher peak powers to be
coupled into guided modes without irreversible damage
on fiber walls. As the maximum peak power leading to no
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damage of PCF walls scales as ~a2 with the fiber core ra-
dius a for given pulse duration and threshold fluence of
optical breakdown, large-core hollow PCFs would suggest
a valuable option for the peak-power scaling of pulse-
compression, frequency-conversion, and  soliton-
transmission regimes in the high-intensity ultrafast op-
tics of guided waves.

In this work, we demonstrate phase-matched FWM of
millijoule nanosecond pulses in hollow PCFs with a pe-
riod of the photonic-crystal cladding of ~5 um and a core
diameter of approximately 50 um. We will show that
Raman-resonant FWM in large-core hollow PCFs en-
hances the potential of waveguide CARS in hollow fibers,
demonstrated in earlier work,'® providing a convenient
sensing tool for condensed-phase species adsorbed on the
inner fiber walls and trace-gas detection.

2. EXPERIMENTAL TECHNIQUE AND PCF
SAMPLES

Large-core-area hollow PCFs were fabricated using a
standard procedureLz that involves stacking glass capil-
laries into a periodic array and drawing this preform at a
fiber-drawing tower. Several capillaries have been omit-
ted from the central part of the stack, to produce a hollow
core of the fiber. Whereas in standard hollow PCF's the
number of omitted capillaries is seven, the PCFs used in
our experiments had a hollow core in the form of a regular
hexagon, with each side corresponding to five cane diam-
eters. The inset in Fig. 1 shows an image of a hollow PCF
with a period of the cladding of approximately 5 um and a
core diameter of about 50 um. The unsupported side of

© 2005 Optical Society of America



2050 J. Opt. Soc. Am. B/Vol. 22, No. 9/September 2005

__ 1.0
7]
'c
=
8
™
S
5 0.5-
[7)]
K}
£
[72]
c
©
= 0.0

400 500 600 700 800 900
A (nm)

Fig. 1. Transmission spectrum of the hollow-core PCF. The inset
shows the cross-section view of the PCF with a period of the clad-
ding structure of ~5 um.

the photonic-crystal structure in this fiber is much larger
than that in a standard hollow PCF. The image in the in-
set to Fig. 1 shows, however, that this does not necessarily
lead to larger nonuniformities in the transverse refractive
index profile and, hence, mode-intensity profiles. The bak-
ing of capillaries forming the photonic-crystal structure,
as shown in the image, allows a hollow waveguide with a
nearly ideal 50-um-diameter hexagonal core to be fabri-
cated. It is still to be explored whether this technique can
be scaled up to the fabrication of hollow PCFs with even
larger core diameters. Transmission spectra of hollow
PCFs employed in our experiments display well-
pronounced passbands (Fig. 1), indicating the PBG guid-
ance of radiation in air modes of the fiber.

The laser system used in our experiments consisted of a
Q-switched Nd:YAG master oscillator, Nd:YAG amplifiers,
frequency-doubling crystals, and a dye laser, as well as a
set of totally reflecting and dichroic mirrors and lenses
adapted for the purposes of CARS experiments. The
Q@-switched Nd:YAG master oscillator generated 15-ns
pulses of 1.064-um radiation, which were then amplified
up to about 30 mdJ by Nd:YAG amplifiers. A KDP crystal
was used for the frequency doubling of the fundamental
radiation. This second-harmonic radiation served as a
pump for the dye laser, generating frequency-tunable ra-
diation within the wavelength ranges 540-560 and 630-
670 nm, depending on the type of dye used as the active
medium for this laser. All three outputs of the laser sys-
tem, viz., the fundamental radiation, the second-
harmonic radiation, and the frequency-tunable dye-laser
radiation, were employed as pump fields in FWM, as de-
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scribed below. Frequency dependences of the anti-Stokes
signals produced through different FWM processes were
measured point by point by scanning the frequency of
dye-laser radiation. The energies of these pump fields
were varied in our experiments from 0.5 up to 10 mdJ at
the fundamental wavelength, from 0.5 to 8 mdJ in the
second-harmonic radiation, and from 0.05 to 0.7 mdJ for
the dye-laser radiation. To couple the laser fields into the
fundamental mode of the PCF, we focused laser beams
into spots with a diameter of 35 um at the input end of
the fiber. The PCF could withstand the energy of funda-
mental radiation up to 10 md, corresponding to a laser
fluence of approximately 630 J/cm?2, without an irrevers-
ible degradation of fiber performance because of optical
breakdown. Laser-induced breakdown on PCF walls was
judged by a dramatic irreversible reduction in fiber trans-
mission and an intense sideward scattering of laser radia-
tion, visible through the fiber cladding. While the
achieved level of input energies was sufficient to produce
reliably detectable FWM signals in our experiments, a
further increase in the laser radiation energy coupled into
the PCF is possible through a more careful optimization
of the coupling geometry.

3. RESULTS AND DISCUSSION

FWM processes with the CARS-type frequency-mixing
scheme w,=2w;—wy (w; and wq are the frequencies of the
pump fields and w, is the frequency of the anti-Stokes sig-
nal produced through FWM) were studied in our experi-
ments for two different sets of pump and signal frequen-
cies. In the first FWM process, used in our experiments to
test phase matching and to assess the influence of wave-
guide losses, two waves with the wavelength \;=2m¢/w;
ranging from 630 to 665 nm, provided by the dye laser,
are mixed with the fixed-frequency field of the fundamen-
tal radiation at \y=1064 nm, to generate an anti-Stokes
signal within the range of wavelengths A, from 445 to 485
nm. The second FWM process, designed to demonstrate
the potential of CARS spectroscopy with hollow PCFs, is a
standard Nd:YAG-laser CARS arrangement with A\;
=532 nm and Ay ranging from 645 to 670 nm.

To assess the influence of phase matching and radia-
tion losses on the intensity of the FWM signal generated
in a hollow PCF, we use the result of the slowly varying
envelope approximation for the power of the anti-Stokes
signal’®1”: p «| XS;%\ZPngM , where P; and P, are the pow-
ers of the fields with frequencies w; and wq, respectively;
Xﬁ% is the effective combination of cubic nonlinear-optical
susceptibility tensor components; and the factor M in-
cludes optical losses and phase-mismatch effects:

M(Adl, a,l, 58l) = exp[- (Aa+ a,)¢][sin h2(Aal/2)
+ sin2(8B1/2) [(Aal/2)? + (881/2)2] 112,

where Aa=(2a1+as—a,)/2; a;,ay, and @, are the magni-
tudes of optical losses at frequencies wq,wy, and w,, re-
spectively, and 88 is the mismatch of the propagation con-
stants of waveguide modes involved in the FWM process.
To provide an estimate of 1 order of magnitude of typical
coherence lengths [,=m/(2|58|) for FWM processes in hol-
low PCFs and to choose PCF lengths L meeting the
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Fig. 2. Intensity of the w,=2w;—w, four-wave mixing signal
from the hollow PCF with the length of 8 cm versus the wave-
length of dye-laser radiation with \; ranging from 630 to 665 nm
and A\y=1064 nm: 1, the measured spectrum of the FWM signal,
2, fiber transmission for dye-laser radiation; 3, fiber transmission
for the FWM signal; and 4, the spectral profile of the factor M.

phase-matching requirement L=</, for our experiments,
we substitute the dispersion of a standard hollow fiber
with a solid cladding for the dispersion of PCF modes in
these calculations. As shown by earlier work on PBG
waveguides,18 such an approximation can provide reason-
able accuracy for mode dispersion within the central part
of PBGs but fails closer to the passband edges. For the
waveguide FWM process involving the fundamental
modes of the pump fields with A;=532nm and X\,
=660 nm, generating the fundamental mode of the anti-
Stokes field in a hollow fiber with a core radius of 25 um,
the coherence length is estimated as [.~10 cm. On the
basis of this estimate, we choose a fiber length of 8 cm for
our FWM experiments. With this PCF length, effects re-
lated to the phase mismatch can be neglected as com-
pared with the influence of radiation losses.

We experimentally tested phase matching for wave-
guide CARS in the PCF by scanning the laser-frequency
difference w;—wy off all the Raman resonances (with \;
ranging from 630 to 665 nm and \y=1064 nm) and using
the above expression for M(Aal, a,l, 5Bl) with §BL =0 to
fit the frequency dependence of the FWM signal. Dots
with error bars (line 1) in Fig. 2 present the intensity of
the anti-Stokes signal from hollow PCFs measured as a
function of the frequency of the dye laser. Dashed curves 2
and 3 in this figure display the transmission of the PCF
for dye-laser radiation and the anti-Stokes signal, respec-
tively. Solid curve 4 presents the calculated spectral pro-
file of the factor M(AaL,a,L,0). Experimental frequency
dependences of the FWM signals, as can be seen from the
comparison of lines 1 and 4 in Fig. 2, are fully controlled
by the spectral contours of PCF passbands (lines 2 and 3),
indicating that phase-mismatch effects are much less sig-
nificant for the chosen PCF lengths than variations in ra-
diation losses are.

The second series of experiments was intended to dem-
onstrate the potential of waveguide CARS in a hollow
PCF for the sensing of Raman-active species. For this
purpose, the frequency difference of the second-harmonic
and dye-laser pump fields was scanned through the Ra-
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man resonance, wj—wy=2mc{), with O—H stretching vi-
brations of water molecules, adsorbed on the inner PCF
walls. The frequencies () of O—H stretching vibrations of
water molecules typically fall within a broad frequency
band of 3200-3700 cm~!. The frequency dependence of
the FWM signal from the PCF deviates substantially
from the spectral profile of the factor M(AaL,a,L,0) (see
lines 1 and 4 in Fig. 3), clearly indicating the contribution
of Raman-active species to the FWM signal. To differenti-
ate between the CARS signal related to water molecules
adsorbed on the PCF walls from the OH contamination of
the PCF cladding, we measured the spectrum of the
CARS signal from a PCF heated above a burner. Heating
by 30 K during 30 min reduced the amplitude of the Ra-
man resonance in the spectrum of the CARS signal by a
factor of about 7. The high level of the CARS signal was
then recovered within several days. This spectrum of the
CARS signal from the dry PCF was subtracted from the
CARS spectrum recorded at the output of the hollow PCF
under normal conditions. The difference spectrum was
normalized to the spectral profile of the factor
M(AaL,a,L,0). The result of this normalization is shown
by line 5 in Fig. 3.

Notably, the contrast of the experimental wavelength
dependence of the FWM intensity (squares with error
bars) in Fig. 2 is higher than the contrast of a similar de-
pendence for the CARS signal in Fig. 3. This variation in
the ratio of the maximum amplitude of the nonlinear sig-
nal correlates well with the behavior of transmission for
dye-laser radiation and the nonlinear signal, shown by
curves 2 and 3 in both figures. With the dye-laser radia-
tion wavelength set around 650 nm, both the pump and
nonlinear signal wavelengths A\; and \, in Fig. 2 are close
to the respective maxima of PCF transmission. The CARS
signal, on the other hand, is detected away from the maxi-
mum transmission for the dye-laser radiation and the
nonlinear signal (Fig. 3). It is therefore important to nor-
malize the measured CARS spectrum to the wavelength
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Fig. 3. Intensity of the w,=2w;-w, four-wave mixing signal
from the hollow PCF with the length of 8 cm versus the wave-
length of dye-laser radiation with \;=532 nm and \, ranging
from 645 to 670 nm: 1, the measured spectrum of the FWM sig-
nal; 2, fiber transmission for dye-laser radiation; 3, fiber trans-
mission for the FWM signal; 4, the spectral profile of the factor
M; and 5, the spectrum of the FWM signal corrected for the fac-
tor M upon the subtraction of the spectrum of the CARS signal
from the heated hollow PCF.
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dependence of the M factor, taking into account
wavelength-dependent losses introduced by the PCF. This
normalization procedure considerably improves the con-
trast of the CARS spectrum, as shown by curve 5 in Fig.
3.

The maximum signal-to-noise ratio achieved in our
CARS experiments with an 8-cm PCF (line 1 in Fig. 3) is
estimated as S/N=2.9. It is instructive to compare this
ratio with a typical S/N value for CARS spectra of liquid
water in a standard cell. For CARS spectra recorded with
no coherent background suppression,16 the signal-to-noise
ratio in CARS is controlled by the classical noise, in-
duced by laser intensity fluctuations!”: (S/N)y
~2¢172 X§3)|/ | Xfr)|, where € is the mean-square deviation
of laser intensity, Xi?’) is the peak value of the resonant
part of the cubic nonlinear-optical susceptibility, and Xfr)
is the nonresonant component of this susceptibility. With
typical values of experimental parameters, e~0.02 for
our laser system and | Xis)\/ | Xfr)|%0.65 for O—H stretch-
ing vibrations'® of liquid water, we arrive at (S/N)y
~9.2. Thus CARS of water molecules adsorbed on inner
PCF walls from atmospheric air under normal conditions
can provide signal-to-noise ratios at the level of approxi-
mately 30% of the classical-limit signal-to-noise ratio at-
tainable for liquid water with a standard CARS arrange-
ment. This result suggests that CARS in hollow PCF's can
be used as a convenient sensing technique for gas- and
condensed-phase species filling the PCF core or adsorbed
on the inner fiber walls. The signal-to-noise ratio for such
a sensing technique can be radically improved through
the suppression of coherent background using time-
delayed pump pulses'® or coherent-control methods.®

The experiments presented above demonstrate the po-
tential of waveguide CARS in PCFs to detect trace con-
centrations of Raman-active species, suggesting PCF
CARS as a convenient diagnostic technique. However,
CARS signals detected in these experiments do not allow
the origin of Raman-active species in the fiber to be reli-
ably identified, as it is not always possible to discriminate
between the contributions to the CARS signal provided by
the hollow core and PCF walls. As an example of a more
easily quantifiable Raman medium, permitting the CARS
signal from the PCF core to be separated from the signal
from PCF walls, we chose gas-phase molecular nitrogen
from atmospheric-pressure air filling the hollow core of a
PCF. A two-color Raman-resonant pump field used in
these experiments consisted of 15-ns second-harmonic
pulses of Nd:YAG laser radiation with a wavelength of
532 nm (w;) and dye-laser radiation (wg) with the wave-
length 607 nm. The dye-laser frequency was chosen in
such a way as to satisfy the condition of Raman resonance
01— we={) with a @-branch Raman-active transition of Ny
at the central frequency Q0=2331 cm~!. Coherently ex-
cited @-branch vibrations of N, then scatter off the
second-harmonic probe field, giving rise to a CARS signal
at the frequency wcars=2w;—wy (corresponding to a
wavelength of 473 nm). The hollow PCF (shown in inset 1
of Fig. 4) was designed to simultaneously provide high
transmission for the air-guided modes of the second-
harmonic and dye-laser radiations and the CARS signal.
With an appropriate fiber structure, as can be seen from

Konorov et al.

473 L] 532 nm 60‘7 nm 2
H ﬁ

400 500 600 700 800
A (nm)

o
=
—

Transmission (arb. units)

>
o
/00

2 E

2 .
5 / \y 2320 2330 2340
4 o \ Q(cm”
= \
s [\
2 / \
‘» 0.54 = '
§ //
E .y .
g:J ik \l\
< asumnl ]
(&) T v y
2324 2331 A 2338
Q(cm’)

Fig. 4. CARS spectrum of @-branch Raman-active vibrations of
N, molecules in the atmospheric-pressure air filling the hollow
core of the PCF. The insets show 1, an image of the PCF cross
section; 2, the transmission spectrum of the hollow PCF designed
to simultaneously support air-guided modes of the pump, probe,
and CARS signal fields (their wavelengths are shown by vertical
lines) in the hollow core of the fiber; and 3, the mismatch of the
propagation constants 5B8=2pB;-B,—B, calculated for the o,
=2w;—wy CARS process in fundamental air-guided modes of the
hollow PCF with B;,3,, and B, being the propagation constants
of the Nd:YAG-laser second-harmonic (w;) and dye-laser (w,)
pump fields and the CARS signal (w,) in the hollow PCF.

inset 2 of Fig. 4, PCF transmission peaks can be centered
around the carrier wavelengths of the input light fields
and the CARS signal (shown by vertical lines in inset 2 of
Fig. 4). Phase matching for CARS with the chosen set of
wavelengths has been confirmed?®® (inset 3 of Fig. 4) by a
numerical analysis of PCF dispersion based on a modifi-
cation of the field-expansion technique developed by Po-
ladian et al.?!

The resonant CARS signal related to @-branch vibra-
tions of Ny in these experiments can be reliably separated
from the nonresonant part of the CARS signal originating
from the PCF walls. The spectra of the CARS signal at
the output of the PCF (Fig. 4) are identical to the N,
@-branch CARS spectrum of the atmospheric air'® mea-
sured in the tight-focusing regime. In view of this finding,
the CARS signal can be completely attributed to the co-
herent Raman scattering in the gas filling the fiber core
with no noticeable contribution from the nonlinearity of
PCF walls.
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4. CONCLUSION

We have shown in this work that large-core-area hollow
PCFs bridge the gap between standard, solid-cladding
hollow fibers and hollow PCFs in terms of effective
guided-mode areas, allowing energy-fluence scaling of
phase-matched waveguide FWM of laser pulses. We used
hollow PCFs with a core diameter of ~50 um to demon-
strate phase-matched FWM for millijoule nanosecond la-
ser pulses. An intense CARS signal has been observed
from stretching vibrations of water molecules inside the
hollow fiber core, suggesting CARS in hollow PCFs as a
convenient sensing technique for pollution monitoring
and trace-gas detection. Hollow PCFs have been shown to
offer much promise as fiber-optic probes for biomedical
Raman applications, suggesting a method to substantially
reduce the background related to Raman scattering in the
core of standard biomedical fiber probes.22
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