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Phase-matched four-wave mixing of sub-100-TW/cifemtosecond laser pulses in isolated
air-guided modes of a hollow photonic-crystal fiber
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Hollow-core photonic-crystal fibers are shown to allow propagation and nonlinear-optical frequency con-
version of high-intensity ultrashort laser pulses in the regime of isolated guided modes confined in the hollow
gas-filled fiber core. With a specially designed dispersion of such modes,dth@u3+2w—w four-wave
mixing of fundamental(w) and second-harmoni@w) sub-100-TW/crf femtosecond pulses of a Cr:forsterite
laser can be phase matched in a hollow photonic-crystal fiber within a spectral band of more than 10 nm,
resulting in the efficient generation of femtosecond pulses in a well-resolved higher-order air-guided mode of
417-nm radiation.
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I. INTRODUCTION due to the high reflectivity of a two-dimensionally periodic

Nonlinear optics of high-intensity ultrashort laser pulses(g::i?: t%';'r?('jcrftglagggd'Eggﬂgs'gsitié?n F'i%' ;f\g\"f’hé? g\r/]gr; a
is one of the most interesting and rapidly growing areas 01t gap ) g 9

. ) . SN ) ingle air-guided mode can be implemented under these con-
optical physics. Nonlinear-optical interactions of such pulsess. : . . ! )
lead to the generation of high-order optical harmofjicg], ditions in a hollow core with a typical diameter of 102

result in the filamentation and self-channeling of laser radia-[18_2q' Hollow PCFs with such core diameters have been

tion [3], and allow the synthesis of attosecond-field wave—reCentIy demonstrated to enhance nonlinear-optical pro-

o o cesses, including stimulated Raman scattefiag], four-
forms [4—6]. The standard method of achieving high inten- L .
sities of laser radiation involves focusing amplified outputW"’We mixing (FWM) [22], and self-phase-modulatiq23].

pulses of high-power laser systems. The effective length Ofur-gwded modes in hollow PCFs can support megawatt op-

nonlinear-optical interactions is limited in this geometry to ical solitons[24] and allow transportation of high-intensity

the confocal parameter, which is equalttsnww?)/c for a Iaser pylses for technologic4P5] and biomedical[26]

: . . ; s applications.
Gaussian beam with a radiug (w is the radiation frequency In this work, we show that hollow-core PCFs provide a
andn is the refractive inde)x Hollow fibers[7] offer attrac- ’

tive guided-wave solutions for strong-field nonlinear optics unique opportunity of guiding and frequency converting of

. o . ._1-high-intensity ultrashort laser pulses in the regime of iso-
allowing the effective interaction length to be substantlallyl(,i,?ed well-d)éfined air-guided n?odes. While sta?]dard solid-

increased[8,9]. Since the laser breakdown threshold forCore fibers get damaged by high-intensity laser radiation

gases filling the core of a hollow fiber is typically several ) ) 4
orders of magnitude higher than the breakdown threshold fogggvc?o;r\]/in‘:‘?()l:\;?csli)sl‘ilggclggginoptr:%ilovt\)/r?/vﬂ(\?eovx? dég“:\?goéi?
standard, solid-cladding fibers, hollow-core fibers are in- 9 9

tensely used for the compression of high-intensity Iase;entlally multimode because of the reasons outlined above,
pulses through Kerr-nonlinearity-induced self-phase-

modulation[10,17 and high-order stimulated Raman scatter- — 13 417 M, 625 nm 1.25 um’
ing [12], frequency conversion through wave mixif@ 13| *g | !
and optical harmonic generatioril4-1q, and high- 2
sensitivity four-wave mixing spectroscopg,17). S o]

The air-guided modes in standard hollow fibers are leaky, H l !
with the magnitude of losses scaling @g \?/a° with the @ ! l
fiber inner radiusa and the radiation wavelengtk, which § : : \
dictates the choice of hollow fibers witi~50-300m for g G0l : |
nonlinear-optical experiments. Such lamdibers are essen- 400 666 o006 1000 1200

tially multimode, with many guided modes typically contrib- A [nm]
uting to nonlinear-optical interactior§9,17]. The number of

air-guided modes involved in the transportation of laser ra-

diation is radically reduced in the case of hollow-core pho-
tonic crystal fibersPCF9g [18,19. Such fibers guide light

FIG. 1. Transmission spectrum of the hollow PCF designed to
simultaneously support air-guided modes of the Ju@bfundamen-
tal radiation of the Cr:forsterite laser, as well as its seq@2® nim)
and third (417 nm) harmonics. The wavelengths of the fields in-
volved in the four-wave mixing process are shown by dashed lines.
*Email address: zheltikov@top.phys.msu.su The inset shows an image of the PCF cross section.
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FIG. 2. (a) Propagation constayt normalized
to the wave numbek as a function of the wave-
length for the fundamentalsolid curve and a
doublet of higher ordefdashed curveair-guided
modes of a hollow PCF with a core diameter of
approximately 13um and a period of the
photonic-crystal cladding of about 4(6n. The
insets show intensity profiles for the fundamental
(1) and the doublet of higher-order air-guided

m H\ T~ - modes(2 and 3 of the hollow PCF(b) The pro-
2 3 X

0.998 -

= 0.9

R 1

¥ [um]

0.994 8 file of n%(x,y) in the cross section of a hollow

\ PCF synthesized with 8080 Hermite-Gaussian
1.20 1.23 1.26 1.29 -16 polynomials and 158 150 trigonometric func-
A[um] 16 8 0 8 16 tions: (top) 1D cut; (bottom) 2D profile shown by

(@) (b) x [um] levels of gray scale.

~

hollow PCFs can support isolated, robust, well-defined trulyl), related to the photonic band gaps of the photonic-crystal
waveguide modes of electromagnetic radiation in a gas-filled¢ladding. Guiding by photonic band gaf#8,19 is thus the
hollow core only a few micrometers in diamef@éB8—21. We  mechanism of waveguiding for all the fields involved in the
will demonstrate in what follows that these isolated air-FWM process under study. The magnitude of optical losses
guided modes of high-intensity ultrashort pulses can be effiat 1.25um for these PCFs was estimated as 0.09%cm

ciently frequency converted in hollow PCFs through en- The dispersion of air-guided modes in hollow PGFg.
hanced waveguide FWM, withstanding laser energy densitieg(a)] was tailored by changing the fiber cladding structure
well above the self-focusing and laser breakdown thresholdg25]. To design the dispersion of PCF modes allowing phase-
for all the available nonlinear-optical crystals and conven-matched FWM of the fundamental and second-harmonic
tional fibers. In earlier wor22], hollow PCFs have been femtosecond pulses of a Cr:forsterite laser, we developed a
shown to allow a substantial waveguide enhancement afiumerical procedure solving the vectorial wave problem for
FWM for narrowband, picosecond laser pulses with relathe electric field E(z,t)=E exgi(8z—ck)], where E
tively low intensities. Our goal here is to extend this ap-=(E,,E,,E,), B is the propagation constant, ardis the
proach to a qualitatively different regime by phase-matching, ;e number:

the FWM of isolated PCF modes within a broad spectral

range for broadband, femtosecond pulses with intensities on

the order of 100 TW/cr corresponding to laser energy V2 1(_ aIn(n? aln(n?)\’
densities exceeding typical breakdown thresholds for stan- {k—ﬁ + nz(X,y)]Exy k_2<Ex J +Ey J )

dard nonlinear crystals and conventional fibers. A specially X Yo Ixy
designed dispersion of modes in hollow PCFs will be shown B2

to allow a phase matching to be achieved for the=2w = FEXYy- (1)

+2w—w four-wave mixing of fundamentalw) and second-

harmonic (2w) sub-100-TW/crh femtosecond pulses of a

Cr:forsterite laser, resulting in the efficient generation of aHere,V, is the gradient in théx,y) plane,n=n(x,y) is the

well-resolved higher-order air-guided mode of 420-nmtwo-dimensional profile of the refractive index, and the

radiation. prime in the second term on the left-hand side stands for

differentiation. The profile oh?(x,y) was approximated, as

in [28], with a series expansion in Hermite-Gaussian polyno-

mials and trigonometric functions. Figurgb? displays a

one-dimensionallD) cut (top) and a 2D profilgbottom) of
Hollow-core PCFs designed for the purposes of these exA?(X,y) synthesized with 88 80 Hermite-Gaussian polyno-

periments had an inner diameter of approximatelyt8and  mials and 15 150 trigonometric functions. Thg, andE,

a period of the photonic-crystal cladding of about gr. A components of the electric field were represented as series

typical structure of the PCF cross section is shown in theexpansions in Hermite-Gaussian polynomials. A substitution

inset to Fig. 1. The PCFs were fabricatf2D,25 with the  of the series expansions f&,E,, andn®(x,y) into Eq. (1)

use of a preform consisting of a set of identical glass capilreduces the problem to an eigenfunction and eigenvalue

laries. Seven capillaries were removed from the central pagroblem of a matrix equation, which allows the propagation

of the preform for the hollow core of PCFs. Transmissionconstants and transverse field profiles to be determined for

spectra of these hollow-core PCFs displayed characteristithe air-guided modes of hollow PCFs.

well-pronounced isolated passbariggy. 1), related to PBGs Figure Za) illustrates dispersion properties and presents

of the cladding18-20,27. Our PCFs were designed in such typical field intensity profiles for the fundamental and

a way that all the three field componergtgith central fre-  higher-order guided modes in our hollow PCFs. The funda-

guenciesw, 2w, and 3v) fall inside the fiber passbandsig. = mental mode has the maximum propagation congégsblid

Il. GAS-FILLED HOLLOW PHOTONIC-CRYSTAL
FIBERS: DISPERSION AND PHASE MATCHING
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1500 guency v (field intensity profiles for this doublet of modes
are shown in the lower line in the inset to Fig. B1 a hollow
1000- PCF with an ideal sixth order symmetry, the guided modes of
— this doublet are degenerate. In the analysis presented in this
"2 500- work, we neglect deviations of the PCF structure from this
% ideal geometry, which in practice remove the degeneracy of
0. modes.
Figure 3 presents the group-velocity misma@B= 3,
5004 - ,8_éw— B5.+ B, calculated for such an /FWI,\/I process in air-
0508 A " v guided modes of the hollow PGBB,,, 5, B, and Bz, are

the propagation constants of the air-guided modes of the fun-
damental, second-harmonic, and FWM signal fields in the
hollow PCH. As can be seen from Fig. 3, a nearly perfect
FIG. 3. The group-velocity mismatch calculated for the four- phase matching can be achieved for the FWM of the above-
wave mixing 3»=2w+2w- o of the fundamental mode of 1.26n  gpecified air-guided modes of the hollow PCF within a spec-
C_r:forsterite laser radiatiofiw), the fundamental and one of the tra] band with a width exceeding 10 nm. Such a PCF design
higher-order modes of the second-harmonic pump fila), and a s therefore, ideally suited for an efficient nonlinear-optical

higher-order mode of the FWM signéw) in a hollow PCF with  fequency conversion of femtosecond pulses of a Cr:forster-
an inner diameter of approximately 18n and a period of the ite laser

photonic-crystal cladding of about 4.fn. Field intensity distribu-
tions in the air-guided modes of the hollow PCF involved in the
considered FWM process are shown in the inset.

A [mkm]

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

curve in Fig. 2a)], and the electric-field intensity in this  The laser system employed in our experime(ig. 4)
mode reaches its maximum at the center of the fiber corezonsisted of a Ci:forsterite master oscillator, a stretcher, an
monotonically decreasing off the center of the filieiset 1  optical isolator, a regenerative amplifier, and a compressor.
in Fig. 2@]. Higher-order modes form degenerate multipletsThe master oscillator, pumped with a fiber ytterbium laser,
[insets 2 and 3 in Fig.(d)], with their superposition support- generated30-50-fs light pulses with a repetition rate of 120
ing the full symmetry of the fiber. Dispersion of a doublet of MHz. These pulses were then transmitted through a stretcher
higher-order air-guided modes of a hollow PCF is shown byand an isolator to be amplified in a Nd:YLF-laser-pumped
the dashed line in Fig.(3). Waveguide modes of this type amplifier and recompressed to the 50-fs pulse duration with
will be used in our experiments to phase-match the FWMhe maximum laser pulse energy up to @D at 1 kHz. A

process in a hollow PCF. 1-mm-thick BBO crystal was used to generate the second
We now consider an FWM processn32w+2w-w in-  harmonic of amplified Cr:forsterite laser radiation.
volving the fundamental mode of 1.28n Cr:forsterite laser Femtosecond pulses of 1.5 fundamental radiation

radiation (w), the fundamental and one of the higher-orderand 625-nm second-harmonic radiation with pulse energies
modes of the second-harmonic pump figlgw), and a ranging from 0.1 up to 1QJ were used as pump fieldsand
higher-order mode of the FWM signéBw). This combina- 2w in the FWM process. These pulses were coupled into the
tion of waveguide modes with different central frequencies ihollow PCF, placed on a three-dimensional translation stage,
illustrated in the insets to Fig. 3. We mix the fundamentalwith a standard micro-objective. Fundamental radiation was
waveguide mode of the first second-harmonic pump fieldguided in the fundamental mode of the P@fset 1 in Fig.
involved in the FWM proces@abeled by 2 in the inset to  5), while the second harmonic was coupled into a mixture of
Fig. 3) with a higher order waveguide mode with the samethe fundamental and higher-order air-guided mogdeset 2
carrier frequencyalso shown in the inset to Fig) and the in Fig. 5. The FWM of these two pump fields induced by the
fundamental PCF mode of fundamental radiation of thethird-order nonlinearity of the atmospheric-pressure air fill-
Cr:forsterite laserthe field w in the inset to Fig. 3 The ing the PCF resulted in the generation of a signal centered at
phase-matched four-wave mixing of these fields gives rise tthe frequency of the third harmonicw3 of fundamental ra-

a doublet of higher-order PCF modes with the carrier fre-diation of the Cr:forsterite laser. The signal at this frequency

Cr*:forsterite §
oscillator | "ﬁlay Hollow photonic-crystal fiber Fiiter

e R (

] FIG. 4. Diagram of four-wave mixing of high-
intensity femtosecond laser pulses in a hollow
photonic-crystal fiber.
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430 modes and using mixtures of gases with higher optical non-
linearities and appropriate dispersion-compensgigj ad-
4251 ditives.

The spatial walk-off of light pulses involved in the FWM
= 420 . : ! S )
£ process is one of the main physical factors limiting the effi-
< 415 ciency of frequency conversion in the PCF under our experi-

mental conditions. Figure 5, showing the spectra of the
FWM signal measured for different delay timesbetween
the input pump pulses, demonstrates a high sensitivity of the
405 : efficiency of the FWM process to the group-delay-induced
% 2 0 [f;‘] spatial separation of the pump pulses. Group-velocity match-
¢ ing would thus allow a further improvement of the efficiency
of nonlinear-optical frequency conversion of femtosecond
FIG. 5. The spectra of the FWM signal measured at the outpupses in hollow PCFs. The spatial beam profile of the FWM
of a 6-cm hollow PCF for different delay timeg between the input signal at the output of the PCF remained stable up to the
pump pulses. The energies of the fundamental and second-harmorgrﬁergy of input pump pulses of aboupd, corresponding to
pulses at the input of the PCF are 2 andu}j respectively. The o ight field intensity of about 90 TW/cin Spatial self-

initial duration of the pump pulse of fundamental radiation is 50 fS. 5 iy and jonization effects started to play a noticeable role
The insets show the spatial beam profiles measured for the funda;

mental (1) and second-harmoni@) pump beams and the FWM Sbovenghlji var?il Orf I?EUt l?sirl')nter?]smre?i'l leadf”:ﬁ to mr?]tabllri-d
signal(3) at the output of the PCF. €s a stortions In output beam protiles of the pump a

FWM fields. Laser pulses with energies exceedingul @ro-
duced an optical damage on PCF inner walls in our experi-

ents, resulting in an irreversible degradation of fiber
ransmission.

can be produced in a hollow-core PCF through both th
3w=2w+2w-w FWM process and direct third-harmonic
generation d=w+w+w. Experiments performed with only
the fundamental beam used as a pump have shown, however,
that direct third-harmonic generation is much less efficient
than two-color FWM.

The FWM signal with a central wavelength of 417 nm is

IV. CONCLUSION

We have demonstrated in this work that hollow-core
X : ) photonic-crystal fibers allow propagation and nonlinear-
generated in the hollow PCF in a stable isolated well-qtica| frequency conversion of high-intensity ultrashort la-
resolved higher-order air-guided modieset 3 in Fig. 3. ger pulses in the regime of isolated guided modes confined in
Superposition of the doublet of air-guided modes @f /& the hollow gas-filled fiber core. These fibers provide a unique
diation, which is nearly perfectly phase-matched with theppportunity of efficient gas-phase frequency conversion for
PCF modes of the two-color pump fiefthe inset in Fig. 3 high-intensity ultrashort laser pulses with energy densities
provides an ideal fit for the spatial beam profile of the FWMexceeding the optical breakdown threshold for the available
signal observed at the output of the PCF. This result suggestsonlinear crystals and conventional fibers. With a specially
that the spatial beam profile of the FWM signal generated indesigned dispersion of such modes, the=2w+2w-w
a PCF as a result of nonlinear-optical interaction of isolatedour-wave mixing of fundamental and second-harmonic sub-
air-guided modes of pump radiation is dictated and stabilized 00-TW/cnt femtosecond pulses of a Cr:forsterite laser can
by phase-matching conditions. This remarkable property obe phase-matched in a hollow photonic-crystal fiber within a
FWM in a hollow PCF provides a high beam quality of the spectral band of more than 10 nm, resulting in the efficient
nonlinear signal at the output of the fiber, eliminates modegeneration of femtosecond pulses in a well-resolved higher-
cross-talk, and offers much promise for nonlinear-opticalorder air-guided mode of 420-nm radiation. The ability of
processing of high-intensity laser pulses. The maximum efhollow PCFs to efficiently phase-match nonlinear-optical in-
ficiency of FWM frequency conversion achieved in our ex-teractions of high-intensity ultrashort laser pulses and con-
periments is estimated as 0.2% for a 6-cm hollow PCF. Thigrolled dispersion of these fibers offer much promise for the
FWM efficiency is certainly much lower than typical effi- enhancement of high-order nonlinear-optical processes, in-
ciencies of frequency conversion that can be achieved witluding high-order harmonic generation and high-order
nonlinear crystals. However, self-focusing and optical breakstimulated Raman scattering, suggesting attractive solutions
down limit the use of nonlinear crystals for the frequencyfor the synthesis of ultrashort field waveforms and efficient
conversion of high-intensity ultrashort laser pulses. We begeneration of short-wavelength radiation.
lieve that phase-matched nonlinear-optical interactions in
hollow-core PCFs can offer interesting alternatives to stan-
dard strategies of frequency conversion using nonlinear crys- ACKNOWLEDGMENTS
tals at least for high-intensity laser radiation. Larger interac-
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