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Phase-matched waveguide four-wave mixing scaled to higher peak powers with large-core-area
hollow photonic-crystal fibers
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Hollow photonic-crystal fibers with large core diameters are shown to allow waveguide nonlinear-optical
interactions to be scaled to higher pulse peak powers. Phase-matched four-wave mixing is predicted theoreti-
cally and demonstrated experimentally for millijoule nanosecond pulses propagating in a hollow photonic-
crystal fiber with a core diameter of about pBn, suggesting the way to substantially enhance the efficiency
of nonlinear-optical spectral transformations and wave mixing of high-power laser pulses in the gas phase.

DOI: 10.1103/PhysRevE.71.057603 PACS nuni®)erd2.65.Wi, 42.81.Qb

Progress in high-field physics and advances in high-powetical solitons[23] and allow femtosecond soliton pulse deliv-
laser technologies call for new efficient waveguide solutionsery over several meteri24], as well as transportation of
Hollow waveguideg1] have been shown to allow guiding of high-energy laser pulses for technologi¢ab,26/ and bio-
high-power laser radiatioj2] and demonstrated an outstand- medical[27] applications.
ing performance in the generation of few-cycle laser pulses Several designs of hollow PCFs have been demonstrated,
[3,4], as well as enhanced four-wave mixifi§6] and high-  allowing the fiber structure and, hence, fiber dispersion and
order harmonic generatidiv,8]. However, these fibers can mode profiles to be adapted to a particular application. The
provide tolerable levels of losses only in the multimode re-dominating design solutions include PCFs with a two-
gime, allowing no scalability to smaller core diameters, sincedimensionally periodic hexagonghoneycomb photonic-
guiding losses of such fibers increaseaadwith a decrease crystal lattice, first demonstrated by Cregetnal. [11], and
in the core diametea [1]. Kagomé-lattice-cladding PCFs, introduced by Benadidl.

Filamentation of high-intensity ultrashort laser pul§@s  [16]. The typical size of the PCF core in most of the
is another interesting waveguiding option, allowing the channonlinear-optical experiments published so far ranges from 6
neling of terawatt-level laser radiation over several kilome-up to 20um. It would be interesting and important for many
ters and offering unique possibilities in remote sen$it@®.  applications to extend the PCF architecture to hollow fibers
Laser beam dynamics in filaments is, however, very compliwith larger inner diameters. Such hollow PCFs would allow
cated. The light field generally undergoes uncontrollablenigher peak powers to be coupled into guided modes without
amplitude- and phase-profile transformations and distortiongreversible damage on fiber walls. As the maximum peak
in this regime, leaving apparently no way for a selectivepower leading to no damage of PCF scales-ag with the
manipulation of individual guided modes, as many applicafiber core diametea for given pulse duration and threshold
tions would require.

Hollow-core photonic crystal fiberéPCFs [11-13 re-
solve this conflict between the magnitude of radiation losses
and the number of air-guided modes. PCFs guide light due to
the high reflectivity of a two-dimensionally periodic
(photonic-crystal cladding (the inset in Fig. 1 within pho-
tonic band gap$PBGS. Low-loss guiding in a few or even a
single air-guided mode can be implemented under these con-
ditions in a hollow core with a typical diameter of 10—z
[12-15. Hollow PCFs with such core diameters have been
recently demonstrated to enhance nonlinear-optical pro-
cesses, including stimulated Raman scattelih], four-
wave mixing(FWM) [17], coherent anti-Stokes Raman scat-
tering (CARS) [18], and self-phase modulatiof19]. The
spatial self-action of intense ultrashort laser pulses gives rise
to interesting waveguiding regimes in hollow PCFs below 400 500 600 700 800 900
the blowup threshol@20]. The SPM-induced spectral broad- A (nm)
ening of femtosecond laser pulses in air-guided modes of
hollow PCFs allows the creation of fiber-optic diode] FIG. 1. Transmission spectrum of the hollow-core PCF. The
and limiters[22] for high-intensity ultrashort laser pulses. inset shows the cross-section view of the PCF with a period of the
Air-guided modes in hollow PCFs can support megawatt opeladding structure of about am.
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fluence of optical breakdown, large-core hollow PCFs would 400
suggest a valuable option for the peak-power scaling of
pulse-compression, frequency-conversion, and soliton-
transmission regimes in the high-intensity ultrafast optics of
guided waves, opening the ways for enhanced high-order
nonlinear optics, including high-order harmonic generation.

In this work, we show that hollow PCFs with large core
diameters can bridge the gap between standard, solid- i)
cladding hollow fibers and previously reported hollow PCFs 04 2630 640 630 660 670
in terms of effective guided-mode areas, offering attractive 0 20 20 60
solutions for high-field physics, laser technologies, and ul- L (cm)
trafast photonics.

PCFs used in our experiments had a hollow core in the F|G. 2. The power of the four-wave mixing signBfyy at Ay
form of a regular hexagon with each side corresponding t@ 50 nm measured as a function of the PCF lerigtfihe inset
five cane diameterghe fabrication procedure is described in shows the mismatch of the propagation constadiis 8,25,
greater detail elsewhef@8]). The inset in Fig. 1 shows an +g, for air-guided modes in a hollow fiber involved in the,
image of a hollow PCF with a period of the cladding of =24,-w, FWM process as a function of the tunable-laser wave-
approximately 5um and a core diameter of about pn.  |ength \; with \,=2mc/w,=1064 nm. The horizontal line shows
Transmission spectra of our large-core PCFs display wellthe phase-matching conditiafB=0.
pronounced passban(isig. 1), indicating the PBG guidance
of radiation in air modes of the fiber.

To model guided modes and transmission spectra of ho
low PCFs, we numerically solved the wave equations for the,

transverse components of the electric field using a modifica;.: : : ; :
tion of the technique developed by Poladietnal. [29] (see ath.|s regime, V\.”thpl and P, being the po.vv(%rs of the f|§lds
with frequenciesw; and w,, respectively;yy representing

Ref. [30] for the details of our numerical procedurdlate- the effective combination of cubic nonlinear-ootical
rial dispersion was included through the dispersion of atmo: afion of cuibic honinear-optical suscep-

spheric pressure air in the fiber core and by using the refell-IbIIIty tensor com_ponv_ants, and the factst including opti-
ence data[31] for the wavelength dependence of the cal losses in the fiber:
refractive index of S93-1 glass, employed as PCF cladding _ —
material (see also Ref[32]). Geometric parameters of the M=M(aal,aqgl, 561 = 0) = expi~ (Aa+ ay)l]
PCF structure were defined from SEM imagdesset in Fig. X[sinhAal/2)/(Aal/2)]21?,
1), yielding the inner diameter of holes in the cladding of
2.6 um, the period of the cladding of 54m, and the dis- Aa=(2a;+ay-a,)/2, a1, a,, anda, are the magnitudes of
tance between the opposite sides of the hexagonal hollowptical losses at frequencies;, w,, and w,, respectively,
core of the PCF equal to approximately gptn. With mate-  andl is the fiber length. The FWM signal power grows qua-
rial dispersion and geometric parameters of PCF structurdratically with the fiber lengtth as long as is much less than
included in the model as described above, our simulatiothe optimal fiber lengthyy=(Aa)™n[(2a4 + )/ @], which
procedure did not involve any parameter fitting. Because oprovides the maximum efficiency of FWM. Waveguide
structure imperfections, the spatial profile of the refractivelosses should thus be expected to be a dominant mechanism
index in the real PCRKthe inset in Fig. 1 slightly deviates limiting the efficiency of thew,=2w;—w, FWM process in
from the synthesized model refractive-index profile. Typicalthe studied PCF for the above-specified set of pump, probe,
calculation errors for the FWM phase-matching wavelengtrand signal wavelengths. Results of experiments presented
resulting from this deviation, however, did not exceed 1.5below in this paper confirm the theoretical prediction of
nm. phase matching for FWM in a PCF with the above-specified
In the inset to Fig. 2, we plot the propagation-constantset of pump, probe, and signal wavelengths.
mismatch §8=8,—2B;+ B, calculated as a function of the The nanosecond laser system employed in our experi-
tunable-laser wavelengtty for the w,=2w;—w, FWM pro-  ments consisted of @-switched Nd: YAG master oscillator,
cesses in the fundamental mode of the hollow PCF, whictNd: YAG amplifiers, frequency-doubling crystals, a dye la-
has a characteristic bell-shaped spatial intensity profile. Theer, as well as a set of totally reflecting and dichroic mirrors
wavelengthh;=27c/ w; provided by a dye lasgtunable in  and lenses adapted for the purposes of FWM experiments.
our experiments from 630 to 665 nris mixed in this pro- The Q-switched Nd:YAG master oscillator generated 15-ns
cess with the fixed-frequency field of fundamentalpulses of 1064xm radiation, which were then amplified up
Nd: YAG-laser radiation ak,=27c/ w,=1064 nm, to gener- to about 30 mJ by Nd:YAG amplifiers. A KDP crystal was
ate an FWM signal within the range of wavelengthg used for the frequency doubling of the fundamental radia-
=2mcl w, from 445 to 485 nn(B;, B,, and B, stand for the tion. This second-harmonic radiation served as a pump for
propagation constants at the frequencigs w,, andw,, re-  the dye laser, generating frequency-tunable radiation within
spectively. Around \;=650 nm, the propagation constant the wavelength range from 630 to 670 nm. The fundamental-
mismatch passes through zero, implying phase matching fowavelength output and frequency-tunable dye-laser radiation
the considered FWM process and providing optimal condiwere employed as pump fields in the=2w;-w, FWM

——
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tions for efficient FWM frequency conversion. The standard
eory of FWM [33,34 predicts the scaling lawPgyy
|Xf§f)|2P1P§M for the powerPgyy of the FWM signal in
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Anti-Stokes wavelength (nm) ideally fitted by the functiorM(Aal, a,l, 581=0) with Aca
450 dox 460 469 470 475 480 =0.025 cm?* and a,=0.01 cn1t. In agreement with theoret-
ical predictions, the FWM power scales Hsas long as
waveguide losses remain negligible for smallvith the PCF
length approachingq,~ 58 cm, Pryy saturates and then
falls off. These results show that PCF losses at the frequency
of fundamental Nd: YAG laser radiation is the dominant fac-
} tor limiting the FWM efficiency in our PCF. The maximum
E ﬁ} measured conversion efficiency for the FWM process, de-
E E E E fined as the ratio oPgy to the powerP; of dye-laser ra-
4 I E 0.0 diation, was equal to X 10°° for the energies of dye-laser
630 635 640 645 650 655 660 665 and fundamental radiation fields equal to 0.7 and 9 mJ, re-
Dye-laser wavelength (nm) spectively. This result agrees by its order of magnitude with
. theoretical predictionsPgy/P;~107°, obtained with a
_FIG. 3. (Color onling. Power of thew,=2w;-w, four-wave  gtandard value of nonresonant hyperpolarizability of atmo-
mixing signal from the hollow PCF with the length of 30 cm versus spheric air, 5< 10738 cmf/erg [33]. The observed behavior
the Wavelengths. of qyg'la_séb_wer axig anq FWM am."s.mkes of Prywwm @s a function ofl allows the lower bound for the
signal (upper axi$ radiation;\,=1064 nm. Fiber transmission for _ .
- oo . . coherence length=/(2|58)|) for the considered FWM pro-
dye-laser radiatiorisolid line 1) and the FWM anti-Stokes signal c.
P - cess to be quantified;>1,,,~58 cm. The coherence length
(solid line 2) is also shown. - c— lop '
for waveguide FWM in our PCF experiments has been thus
process, as described below. The frequency dependence iatreased, with an appropriate design of the PCF dispersion
the FWM signal produced through the nonlinear-optical in-profile, by more than an order of magnitude with respect to
teractipn in the hollow PCF was measurgd _point by point bythe coherence length of the same FWM process in the regime
scanning the frequency of dye-laser radiation. The energiesf tight focusing in the same gas without a wavegui@éew

of these pump fields were varied in our experiments from 0.%entimeters for the atmospheric-pressure air and the chosen
up to 10 mJ at the fundamental wavelength and from 0.05 t@et of laser field wavelengths

energy of fundamental radiation up to 10 mJ, correspondingcFs bridge the gap between standard, solid-cladding hol-
to a laser fluence of approximately 630 JFerwithout an oy fibers, and hollow PCFs in terms of effective guided-

irreversible degradation of fiber performance because of opy,gde areas, allowing peak-power scaling of phase-matched
tical breakdown. o . waveguide four-wave mixing of laser pulses. Improved
In the FWM process studied in our experiments, tWOphase matching has been predicted theoretically and demon-
pump waves with the wavelengiy =2mc/ w, ranging from  sirated experimentally for waveguide FWM in a hollow PCF
630 to 665 nm, pr_owded by the dye laser, are mlxgd with th&yith a core diameter of about 50m, suggesting a way to
fixed-frequency field of the fundamental radiation ®{  gypstantially enhance the efficiency of nonlinear-optical
=1064 nm, to generate an anti-Stokes signal within the rangg;ye mixing of high-power laser pulses in the gas phase.
of wavelengths\, from 445 to 485 nm. The spectrum of the |hteresting extensions of PCF-based phase-matching strate-
anti-Stokes signal at the output of the PCF displays @ maxigies demonstrated in this work to higher order nonlinear-

mum ath,~650 nm(Fig. 3), which exactly corresponds to qpiical processes in the gas phase include high-order har-
the wavelength where the phase matching is achieved for thenic generation and multiwave mixing.

considered type of the FWM procefbe inset in Fig. 2

To check the phase-matched nature of FWM in our PCF We are grateful to A. V. Shcherbakov and L. A. Melnikov
experiments, we measured the power of the FWM signafor fabricating fiber samples. A.M.Z. acknowledges illumi-
Prwm @t A;=650 nm as a function of the PCF lendthFor  nating discussions with Paul Corkum. This study was sup-
this purpose, we used a hollow PCF with a length of 61 cnported in part by the President of Russian Federation Grant
and gradually decreased the length of the fiber. Waveguidilo. MD-42.2003.02, the Russian Foundation for Basic Re-
losses at the wavelengths of the pump, probe, and signakarch(Projects Nos. 03-02-16929, 04-02-81036-Bel2004,
fields were estimated asy;~a,~0.014 cm! and a, 04-02-39002-GFEN2004, and 03-02-20002-BNTS44.S.
~0.04 cm! for the PCF sample used in these experimentsCivilian Research and Development Foundati@rant No.
The experimentally measured dependencBgfy, onl (Fig.  RP2-2558, INTAS (Projects Nos. 03-51-5037 and 03-51-
2) for constant powers of the pump and probe fields is nearly288.
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