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Self-phase-modulation-induced spectral broadening of laser pulses in air-guided modes of hollow photonic-
crystal fibers(PCFg is shown to allow the creation of fiber-optic limiters for high-intensity ultrashort laser
pulses. The performance of PCF limiters is analyzed in terms of elementary theory of self-phase modulation.
Experiments performed with 100 fs microjoule pulses of 800 nm Ti:sapphire laser radiation demonstrate the
potential of hollow PCFs as limiters for 10 MW ultrashort laser pulses and show the possibility to switch the
limiting level of output radiation energy by guiding femtosecond pulses in different PCF modes.
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I. INTRODUCTION Hollow PCFs not only reduce losses, typical of standard,
i ) ) solid-cladding hollow fibers, but also add interesting aspects
Hollow-core fibers[1,2] are ideally suited for the trans- qjated to the switching abilities of PBG structui@$—332,
mission of high-intensity laser radiation and applications inoﬁering the ways to design smart fiber-optic devices for
strong-field ultrafast nonlinear optics. These fibers can Propigh-intensity laser pulses. In particular, a fiber-optic diode,
vide large interaction lengths for laser pulses, allowing &,3sed on a combination of self-phase modulation and filter-
radical enhancement of nonlinear-optical processes, incluqr—1g in air-guided modes of hollow PCFs, has been recently
ing four-wave mixing[3,4] and high-order harmonic genera- experimentally demonstrated by Konorev al. [33], sug-
tion [5-8]. Hollow fibers have been shown to offer attractive yegting the possibility to create optical processors and decou-
strategies for the compression and chirp control (_)f h'gh'plers for high-intensity ultrashort laser pulses A Kerr-
energy ultrashort laser pulses due to the Kerr-nonlinearityponjinearity-induced profile of the refractive index in hollow
induced self-phase modulatig8,10 and high-order stimu-  pcEs which changes the spectrum of propagation constants
lated Raman scatteririg 1]. , of air-guided modes, effectively shifting the passbands in
_The guided modes in standard hollow fibers are leakypcr transmission, has been shown to allow the development
with the magnitude of losses scalifig] as\?/d® with the fiber switches for high-intensity laser pulsgesA].
inner fiber diame_ted and the radiation V\_/avelength which In this work, we show that the spectral broadening of
dictates the choice of hollow fibers witth~100-500um |aser pulses induced by self-phase modulat®RM) in air-
for nonlinear-optical experiments. Such lamjébers are es- guided modes of hollow PCF allows the creation of fiber-

sentially multimode, which limits their practical applications qpyic limiters for high-intensity ultrashort laser pulses. The
in ultrafast photonics. This limitation is removed by hollow-

core photonic crystal fibe®CFg [12,13. Such fibers guide { hse
light due to the high reflectivity of a two-dimensionally pe- ﬂ
riodic (photonic-crystgl cladding(the inset in Fig. 1 within :
photonic band gap&PBG9. Low-loss guiding in a few or = 10l
even a single air-guided mode can be implemented under = 2
these conditions in a hollow core with a typical diameter of W
10-20um [12-17. Hollow PCFs with such core diameters 14
have been recently demonstrated to enhance nonlinear- 7
optical processes, including stimulated Raman scattering

[18], four-wave mixing[19], and self-phase modulatiga0]. 0.1 . .
Air-guided modes in hollow PCFs can support megawatt op- 20 40
tical solitons[21] and allow femtosecond soliton pulse deliv-
ery over several metef22], as well as a transportation of
high-energy laser pulses for technologi¢aB,24 and bio-
medical[25] applications.
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FIG. 1. The energyE,, at the output of a hollow photonic-
crystal fiber calculated with the use of E¢$) and(5) as a function
of the input energyg;, for E;,,=0.65uJ (1), 10 1J (2), and 50uJ
(3). The inset sketches the spectrum of an SPM-broadened laser
pulse with a bandwidtiAw against the PCF passband with a width
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plan of this paper is the following. In Sec. Il, we use an Here,
elementary theory of self-phase modulation to analyze the
performance of PCF limiters. We will, show, in particular,
that the limiting level of output radiation energy is controlled Sr2Toc 6N
by the pulse duration, radiation wavelength, the effective Elim:n—_' (5
mode area, the passband width, the PCF length, and the non-
linear refractive index of the gas filling the fiber core.
Photonic-crystal fibers and the laser setup are described ijheresh is the PCF passband width on the wavelength scale
Sec. lll. In Sec. IV, we present the results of experimentsngc is the speed of light.
performed with 100 fs microjoule pulses of 800 nm At high input energies, the output energy, as can be seen
Ti:sapphire laser radiation, demonstrating the potential ofrom Eq.(4), becomes independent of the input enefsge
hollow PCFs as limiters for 10 MW ultrashort laser pulsesfig. 1), tending toE;,, defined by Eq(5). Formulas(4) and
and showing the possibility to switch the limiting level of (5) thus show that the Kerr nonlinearity of the material filling
output radiation energy by guiding femtosecond pulses ifhe hollow core of a PCF makes this fiber an ideal limiter for
different PCF modes. ultrashort laser pulses. In the case of a gas-filled PCF, this
Il. HOLLOW PHOTONIC-CRYSTAL FIBER AS AN device is i_deaIIy suited to limit high-intensity uItrashor_t laser
OPTICAL LIMITER pulses, since the breakdown threshold of gases is much
higher than the breakdown threshold of standard fiber mate-
Consider a short laser pulse propagating through a hollowials. An important result of this simple analysis is that the
core of a PCF filled with a ga®r any other materiglpos-  limiting level of radiation energy at the output of the hollow
sessing a Kerr nonlinearity. Self-phase modulation inducedCF, as can be seen from E§), is controlled by the pulse
by the Kerr nonlinearity of the material filling the fiber core duration, radiation wavelength, the effective mode area, the
gives rise to a nonlinear phase shift of the pulse,. An passband width, the PCF length, and the nonlinear refractive
elementary theory of SPM gives the following expression forindex of the gas filling the fiber core. Variation of these pa-

this shift [35,34: rameters allows PCF limiters for ultrashort laser pulses to be
5 designed within a broad range of radiation energies. With
Ay = —Trnzu, (1)  typical parameters of PCFs and laser pulses used in our ex-
A periments(see Secs. Il and 1)/ the inner fiber diameted

~14 um, the fiber length=10 cm, n,=5x107%° cm?/W,

here\ is the | diati I is th li . : .
where is the laser radiation wavelength, is the noniinear Tp=0.7, andé\/A=0.01, Eq.(5) yields the following esti-

refractive index of the material filling the fiber coreis the E 065 wl
laser intensity, andl is the fiber length. mate: By, = 0.65 uJ.

The bandwidth of the pulse at the output of the fiber canh qu(;ow” PCF.S (\lefth tﬂe Igbpye—spfecified. pa}ramleterﬁ are
then be estimated as thus ideally suited for the limiting of microjoule ultrashort

laser pulses. In the following sections, we present an experi-
27 Pl mental demonstration of a PCF limiter for amplified 10 MW
A“’zA“’O“LTnZgT’ 2 femtosecond Ti:sapphire laser pulses. Optical limiters for
subgigawatt and even gigawatt ultrashort laser pulses can be
WhereAwo is the initial bandwidth of the laser pU'SE,iS the designed’ on the other hand, by increasing the PCF core
laser powerSis the effective mode area, ands the pulse  diameter or by designing PCFs with broader passbands
duration. (curves 2 and 3 in Fig.)1
As long as the full spectral width of the SPM-broadened The passbands in the transmission of a PCF are the maps
laser pulseAw, given by Eq.(2), is less than the PCF pass- of the photonic band gaps of the fiber claddisbaded areas
band widthéw (see the inset in Fig.)1the radiation energy in F|g 2. This mappmg is definem2,37_| by Crossings of
Eout at the output of the hollow PCF is a linear function of dispersion lines of air-guided PCF modes with PBG.
the input radiation energ¥;,, Equ=EinTo (here, Tg is the  2) The width of PCF passbandi, one of the key param-
transmission of the PCF and we assume thaj,<odw).  eters of a PCF limiter, can be therefore tuned by modifying
When the pulse widtihw becomes larger than the PCF pass-the cross-section architecture of a PCF. Dispersion curves of
band width 6w, some energy of the SPM-broadened laserjifferent air-guided modes in a PCF, as illustrated in Fig. 2,
pulse dissipates as the frequency components falling outsidgoss the PBG edges at slightly different points, giving rise
the PCF passbandhe inset in Fig. 1 are characterized by to slightly different projections of the PBGs of the cladding
very high losses. In this regime, the output radiation energyn the wave number axis. These modes, therefore, see

Eout can be represented as slightly different passbands. SPM-induced spectral broaden-
Sw ing may also noticeably vary for different PCF modes due to
Eout=EnTo—- (3) the difference in transverse radiation intensity distribution.
Ao These two effects allow the limiting level of output radiation
Combining Egs(2) and(3), we arrive at energy for the same PCF to be switched by guiding laser
N pulses in different PCF modes. This option of PCF limiters
E -E < Awgy + &) @) will be also demonstrated by the results of our experiments
UM T0w  Ejim presented in the following sections of this paper.
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A plified laser pulses with an initial pulse duration of about
k.A 100 fs and input energies ranging from 0.1 up toD
Hollow-core PCFs designed for the purposes of these ex-
periments had an inner diameter of approximatelyutd
and a period of the photonic-crystal cladding of aboutrs.
: A typical structure of the PCF cross section is shown in inset
Second-order mode 1 to Fig. 2. The PCFs were fabricatgi#,38 with the use of
a preform consisting of a set of identical glass capillaries.
Seven capillaries were removed from the central part of the
preform for the hollow core of PCFs. Transmission spectra
of these hollow-core PCFs measured in our experiments dis-
played characteristic well-pronounced isolated peakset 1
to Fig. 4), related to PBGs of the claddifd@?2]. The spectra
of air-guided modes in hollow PCFs were tuned by changing
the fiber cladding structurg23]. A typical magnitude of op-
tical losses in PCFs for the central wavelength of 800 nm
was estimated as 0.08 chn In view of this result, optical
limiting was demonstrated with PCF sections having a typi-

FIG. 2. AB—k diagram for a hollow-core photonic-crystal fiber cal length of 9 cm. .
(B is the propagation constari, is the wave number is the To model waveguide modes of a hollow PCF, we devel-

period of the structure in the PCF claddjngolid lines show dis- 0Ped a numerical procedure solving the vectorial wave prob-
persion relations for a plane wave in atmospheric air with no Wavelem for the transverse components of the electric field
guide, the fundamental mode of the PCF, and a higher order alrE(z t)= Eexp [i(Bz—ckt)], where E (EX,E ,E,), B is the
guided mode in the PCF. The shaded area shows the photonic bapgopagation constank, is the wave number

gap of the cladding. The dashed vertical lines project crossings o .

dispersion relations and PBG edges on the wave-number axis. Th V 19 (3’|I’l(n2) dIn(n?) _ 3
insets show1) the cross-section view of the hollow PCF and trans- k2 Ex IX + Ey ay - FEX'
verse intensity distributions in the fundamen®@)l and higher order

Fundamental mode

+ nz(x y) EX+ k2 IX

(3) guided modes. (6)
Ill. LASER SYSTEM AND HOLLOW v +re(xy) |E +£i<E aIn(n?) vE aln(nz)) BZE
PHOTONIC-CRYSTAL FIBERS k2 V5 Kay\ ™ ax Y ogy S

(7)

The femtosecond laser system employed in our experi-
ments(Fig. 3) consisted of a Ti:sapphire master oscillator, aHere,V | is the gradient in théx,y) plane,n=n(x,y) is the
stretcher, an amplifier, and a pulse compressor. Thewo-dimensional profile of the refractive index, and the
Ti:sapphire master oscillator was pumped by 4 W cw radiaprime in the second term on the left-hand side stands for
tion of a diode-laser-pumped Nd:Y\VOverdi laser. The differentiation. The profile ofn(x,y) was approximated,
master oscillator generated laser pulses with a duration dfimilar to Refs[39,4Q, with a series expansion in Hermite-
50-100 fs, a typical average output power on the order oGaussian polynomials and trigonometric functions. Figure
250 mW, and a pulse repetition rate of 100 MHz. Femtosec4(a) displays a one-dimension&lD) cut (top) and a two
ond pulses produced by the master oscillator were stretchegimensional(2D) profile (bottom) of n?(x,y) synthesized

up to 800 ps and launched into a multipass Ti:sapphire amyith 80 80 Hermite-Gaussian polynomials and 5050
plifier pumped with a nanosecond Nd: YAG laser with intra- trigonometric functions. Thé&, and E, components of the
cavity second-harmonic generation. Amplified 1 kHz pico-electric field were represented as series expansions in
second pulses with an energy up to 3@D were then Hermite-Gaussian polynomials. A substitution of the series
compressed to a duration of 100-130 fs in a single-gratingxpansions foE,, E,, and n2(x,y) into Egs.(6) and(7) re-
pulse compressor. Our experiments were performed with am4yces the problem to an eigenfunction and eigenvalue prob-
lem of a matrix equation, which allows the propagation con-
stants and transverse field profiles to be determined for the
= air-guided modes of hollow PCFs.
b= atumy == Figure 4b) illustrates dispersion properties and presents
it Hollow photonic-cryatal fiber typical field intensity profiles for the fundamental and higher

order guided modes in our hollow PCFs. The fundamental
mode has the maximum propagation consfaiisolid curve
in Fig. 4b)], and the electric-field intensity in this mode

FIG. 3. The laser setup for the investigation of transmission andeaches its maximum at the center of the fiber core, mono-
self-phase modulation of femtosecond laser pulses in a photonidonically decreasing off the center of the fijerset 1 in Fig.
crystal fiber. 4(b)]. Higher order modes form degenerate multiplets, with

Amplifier
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FIG. 4. (a) The profile ofn?(x,y) in the cross section of a hollow PCF synthesized with®D Hermite-Gaussian polynomials and
150x 150 trigonometric functiongtop) 1D cut, (bottom) 2D profile shown by levels of gray scal@) Propagation constam normalized
to the wave numbek as a function of the wavelength for the fundamerisallid curvg and the second-ordédashed curveair-guided
modes of a hollow PCF with a core diameter of approximately.f and a period of the photonic-crystal cladding of abouytrb. The
insets show intensity profiles for the fundameritgl and the second-order air-guided mod2s) of the hollow PCF.

their superposition supporting the full symmetry of the fiberser pulses propagating through the filgEig. 5. When the
[41]. The second-order mode is fourfold-degenerggd], bandwidth of SPM-broadened laser pulses starts to exceed
displaying a two-lobe intensity profileinsets 2, 3 in Fig. the passband width, the PBGs of the PCF cladding can no
4(b)]. Dispersion of the second-order air-guided modes of donger confine the whole spectrum of laser radiation in the
hollow PCF is shown by the dashed line in Figby Wave-  hollow core of the fiber. The spectral components falling
guide modes of this type will be used in our experiments tooutside the passband leak out of the fiber core into the fiber
demonstrate the limiting performance of a hollow PCF. cladding, resulting in a dissipation of some part of radiation
energy. As the dissipating radiation energy increases with the
IV. RESULTS AND DISCUSSION growth in the input laser energy, the energy of laser pulses
] ) transmitted through the hollow PCF is limitgthe inset in
~ Parameters of PCFs used in our experiments and durgig. g), with the level of this limiting controlled by the pass-
tions of laser pulses were chosen in such a way that thgand width, the effective fiber core area, the initial pulse
bandwidth of the input pulses of 800 nm Ti:sapphire laseigyration, and the nonlinearity of the material filling the fiber
radiation coupled into the fiber was less than the width of the;gre.
PCF passbandthe transmission spectrum of the PCF is  The shifting of passbands and the difference in SPM-
shown in the inset to Fig.)5 Low-intensity femtosecond induced spectral widths for different PCF modes, as outlined
pulses were, therefore, transmitted through the PCF with, sec. 11 of this paper, suggest the ways to switch the lim-

minimal losses, estimated as approximately 30% for a 9 cniting level of output radiation energy by guiding femtosecond
PCF. As the energy of input pulses increases, self-phase

modulation comes into play, broadening the spectrum of la-
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FIG. 6. The envelopes of laser pulses transmitted through the
FIG. 5. Spectra of Ti:sapphire laser pulses transmitted througiollow PCF in the fundamental air-guided mode. The input pulse
the hollow PCF in the fundamentél) and higher ordet2,3) air- energy is(1) 0.1,(2) 1.4, and(3) 3 nJ. The inset shows the output
guided modes. The inset shows the transmission spectrum of thenergy measured as a function of the input energy for the funda-
fiber. mental mode of the PCF.

023807-4



LIMITING OF MICROJOULE FEMTOSECOND PULSES.. PHYSICAL REVIEW A 70, 023807(2004)

pulses in different PCF modes. To demonstrate this tunabilitypy minimal distortions of output pulse envelopes$. curves

of laser-pulse limiting in PCFs, we coupled 100 fs pulses ofl and 2 in Fig. . For high input radiation energies, how-
Ti:sapphire laser radiation into different modes of the hollowever, distortions of temporal pulse profiles may become a
PCF by slightly changing the angle between the input beangrucial issue for the operation of a PCF limit@urve 3 in

and the fiber axis. This approach allowed a selective eXCitaFig_ 6) Attractive Strategies to solve this prob|em may in-
tion of several air-guided modes with typical transverse inlude pulse prechirping and preshaping, as well as using
tensity distributions shown in insets 2 and 3 to FigsBe  pCFs with a special dispersion profile, designed to shape

also insets 1-3 in Fig.)4leading to noticeable changes in smooth field waveforms at the output of a PCF limiter.
the spectra of radiation measured at the output of the PCF

(Fig. 5). With the passbands for higher order PCF modes
redshifted with respect to the passband of the fundamental
mode(see, e.g., Re{37], Fig. 2), the short-wavelength wing  We have demonstrated in this work that the spectral
of the SPM-broadened spectrum of output pulses becomasioadening of laser pulses induced by self-phase modulation
suppressed as the input pulses are coupled into higher ordgr air-guided modes of hollow-core PCFs allows the creation
wave guide modesFig. 5. The main features of spectral of fiber-optic limiters for high-intensity ultrashort laser
changes observed in these experiments are adequately repprises. Our analysis of such PCF limiters shows that the
duced with a simple model of SPM-broadened pulse transtimiting level of radiation energy at the output of the fiber is
mitted through a fiber with a narrow passbafd Figs. 1  controlled by the pulse duration, radiation wavelength, the
and 5. The tunability range of radiation energy limiting level effective mode area, the passband width, the PCF length, and
(5—10% in our experimentan be substantially expanded the nonlinear refractive index of the gas another material
with a careful design of the dispersion of higher order modesilling the fiber core. Variation of these parameters allows
in PCFs. PCF limiters for ultrashort laser pulses to be designed within
The method of short-pulse limiting implemented in this a broad range of radiation energies. Our experiments, per-
work intrinsically involves spectral filtering of laser pulses formed with 100 fs microjoule pulses of 800 nm Ti:sapphire
by PCF passbands, which inevitably leads to distortions ofaser radiation, demonstrate the potential of hollow PCFs as
the pulse envelope. To assess the influence of this effect, Winiters for 10 MW ultrashort laser pulses and show the pos-
studied the behavior of the output pulse envelope as a fungsibility to switch the limiting level of output radiation energy
tion of the input energy using cross-correlation-frequencyby guiding femtosecond pulses in different PCF modes. Op-
resolved optical gatingXFROG) [42]. An XFROG signal tical limiters for subgigawatt and even gigawatt ultrashort
was generated in our experimental schef# by mixing  |aser pulses can be designed by increasing the PCF core di-
the signal transmitted through the hollow PCF with theameter or by designing PCFs with broader passbands.
fundamental-wavelength output of the Ti:sapphire laser in a
BBO crystal. A two-dimensional XFROG sonogram was ACKNOWLEDGMENTS
then plotted in a standard waf42] by measuring the
XFROG signal as a function of the delay time between the We are grateful to V.I. Beloglazov and N.B. Skibina for
reference Ti:sapphire laser pulse and the pulse transmittddbricating microstructure fibers. This study was supported in
through the PCF. Figure 6 displays the output pulse envepart by the President of Russian Federation Grant No. MD-
lopes extracted from XFROG traces measured with42.2003.02, the Russian Foundation for Basic Research
Ti:sapphire laser pulses with an initial duration of 50 fs and(Projects Nos. 03-02-16929 and 02-02-170%hd INTAS
input energies ranging from 0.1 up tol. These measure- Projects Nos. 03-51-5037, and 03-51-5288. The research de-
ments show that, within the range of input pulse energiescribed in this publication was made possible in part by
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