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A Kerr-nonlinearity-induced profile of the refractive index in the hollow core of a photonic-crystal fiber
(PCB changes the spectrum of propagation constants of air-guided modes, effectively shifting the passbands in
fiber transmission, controlled by the photonic band g&BGs of the cladding. This effect is shown to allow
the creation of fiber switches for high-intensity laser pulses. The Kerr-nonlinearity control of air-guided modes
in PCFs and the performance of a PCF switch are quantified by solving the propagation equation for the slowly
varying envelope of a laser pulse guided in Kerr-effect-modified PCF modes. The spatial dynamics of the light
field in a PBG waveguide switch is analyzed with the use of the slowly varying envelope approximation,
demonstrating high contrasts of optical switching with PBG waveguides and hollow PCFs.
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I. INTRODUCTION structure§20-27. A fiber-optic diode based on a combina-
tion of self-phase-modulation and filtering in air-guided
Hollow-core fiberd 1] have been shown to offer attractive modes of hollow PCFs and allowing optical processing and
solutions for the transport of intense laser radiation and endecoupling of high-intensity ultrashort laser pulses has been
hanced nonlinear-optical interactions. This fiber design alrecently experimentally demonstrated by Konoedal.[23].
lows the sensitivity of nonlinear spectroscopy to be substan- |n this work, we will show that the Kerr nonlinearity of
tially improved [2,3] and extremely short pulses to be the gas filling the hollow core of a PCF can be used to switch
synthesized through Kerr-nonlinearity-induced self-phaseand control the transmission of intense laser pulses, as well
modulation[4,5], or high-order stimulated Raman scatteringas to perform logic operations on such pulses. It will be
[6]. The magnitude of losses in standard, solid-cladding holdemonstrated that a Kerr-nonlinearity-induced profile of the
low fibers, however, scaldd] as\?/d® with the inner fiber refractive index in the hollow core of a PCF renormalizes the
diameterd and the radiation wavelength, which dictates  spectrum of propagation constants of air-guided modes, ef-
the choice of hollow fibers withd~100-500um for  fectively shifting the passhands in fiber transmission, con-
nonlinear-optical experiments. Such lagyéibers are essen- trolled by photonic band gaps of the cladding. We will solve
tially multimode, which limits their practical applications in the equation for the slowly varying envelope of a laser pulse
ultrafast photonics. guided in Kerr-effect-modified modes of a hollow PCF to

Hollow-core photonic-crystal fiber*CF3 [7,8] suggest assess the performance of such fiber switches.
the way to radically reduce the losses of air-guided modes.

Such fibers guide light due to the high reflectivity of a two-
dimensionally periodi¢photonic-crystal cladding(the inset

in Fig. 1) within photonic band gap§BGs. Low-loss guid- The performance of a PCF switch, illustrated in Fig. 1, is
ing (often in a single-mode regimean be implemented un- based on the effective shift of passbands in fiber transmission
der these conditions in a hollow core with a typical diameterdue to Kerr-nonlinearity-induced changes in the propagation
of 10—20um [7-9]. Hollow PCFs with such core diameters constantss of PCF modes. The passbands in the transmis-
have been recently demonstrated to enhance nonlineasion of a PCHthe inset in Fig. 2are maps of the photonic
optical processes, including stimulated Raman scatteringand gaps of the fiber claddirighaded areas in Fig).IThis
[10], four-wave mixing[11], and self-phase-modulati¢f2].  mapping is definefi7,24] by crossings of dispersion lines of
Air-guided modes in hollow PCFs can support megawatt opair-guided PCF modes with PBGFEig. 1). Changes in the
tical solitons[13] and allow transportation of high-intensity dispersion of air-guided modes would, therefore, correspond
laser pulses for technologicfl4] and biomedica[15] ap- to variations in the transmission of a PCF at a given fre-
plications. quency.

Since the mechanism of waveguiding in hollow PCFs is We assume that the frequency of a pump pulsés tuned
based on PBGs, these fibers may allow interesting and prate the center of the passband in the transmission of the PCF
tically useful fiber-optic extensions of all-optical signal pro- related to the PBG of the cladding shown by shaded area 1 in
cessing concepts developed earlier for a variety of nonlinedfig. 1. The frequency of the probe pulse is chosen close to an
periodic structure§16-19, including one-dimensional PBG edge of a passband corresponding to the fundamésuéid
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FIG. 2. The factomg, quantifying the ratio of the contributions
of the fiber core and the fiber cladding to the nonlinear-optical
variation of propagation constants, as a function of the ratio of the
fiber core radiusk to the effective mode radiua=a,=a,, for a
Gaussian model of field intensity distribution in PCF modEs.
(7)] with ny/n,=1 (line 1), 10 (line 2), 100(line 3), and 100Q(line
4). The inset shows a typical wavelength dependence of transmis-
sion for a hollow-core photonic-crystal fibéadapted fronj28]).

Ill. KERR-NONLINEARITY CONTROL OF THE

FIG. 1. Performance of a PCF switch, shown in {B&-kA DISPERSION OF PCF MODES

diagram[24] of the fiber. Lines 1-4 represent the dispersion of the

fundamental(1, 3) and higher-ordef2, 4) air-guided modes in an The Kerr effect[25] induced by intense laser radiation
unperturbed hollow-core PCR, 2) and a PCF with a refractive guided in the modes of a hollow-core PCF gives rise to a
index profile modified by a pump pul$8, 4). Line 5 displays the  ponuniform, intensity-dependent additién(r) to the refrac-
dispersion of the gas filling the fiber cof@mospheric ajr Shaded  tjye index ny of the gas filling the PCF core, modifying the
areas 1 and 2 correspond to photonic band gaps of the PCF Clag'rofile of the refractive index in the fiber,
ding. The inset sketches the cross-section view of a hollow-cor

photonic-crystal fiber.
n(r) =ng+ on(r). (1)

. N . — The modified refractive-index profile is determined by the
line 1 in Fig. 3 or one of the higher-ordefsolid line 2, qgjje of radiation intensity(r) and the nonlinear refractive

air-guided modes of the hollow PCF. As the pump pulse\mdex?1 .
propagates through the PCF, it induces intensity-dependent 2
changes in the refractive index of the gas filling the fiber core

and the material of the fiber cladding. This change in the
refractive index shifts dispersion curves in fBa-kA dia- A small variation in the refractive indesn renormalizes
gram of Fig. 1(k=w/c is the wave numbeg is the speed of  the spectrum of PCF eigenvalues, changing the propagation
light, and A is the period of the photonic-crystal structure in constantsg, of air-guided modes. The reciprocity theorem
the fiber cladding If the nonlinear refractive indices of the o, optical waveguide$§26] gives the following expression
gas and the material of the fiber cladding are positive, thgor the correction to the propagation constant of a guided

probe pulse effectively sees the passband blueshifteel ode in an arbitrary fiber with a small perturbation of the
shifted dispersion curves for the fundamental and higherpefractive indexan(r):

order air-guided modes of the PCF are shown by dashed
lines 3 and 4, respectivelyThe transmission of the probe

an(r) =Myl (r). (2)

pulse is reduced in such a situation. on(r)W2dA
Transmission variation of the opposite sign can be A
achieved at the frequency of the probe pulse by choosing this B=k——, ©)
frequency outside the passband and shifting the passband V2dA
toward this frequency with the use of the Kerr effect. In the A

following sections of this paper, we will quantify the perfor-

mance of the PCF switch by estimating changes in propagawhereV is the guided mode in an unperturbed fiber @nid
tion constants attainable with typical parameters of lasethe cross section of the fiber.

pulses and solving the equation for the slowly varying am- We can adapt this result to a hollow PCF with a Kerr-
plitude of the probe pulse in Kerr-effect-modified modes of aeffect-induced variation in the refractive index, given by Eq.
hollow PCF. (2), rewriting Eq.(3) as
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< IV. EVOLUTION OF A LASER PULSE GUIDED
Figl (1) [2[ (1) [r dIF THROUGH A HOLLOW PCF
0
OB = Klg p : (4) We now apply a standard approach of the slowly varying
f |f(r)[?r dr envelope approximation to describe the propagation of a la-
0 ser pulse through a hollow-core PCF filled with a gas with a

Kerr nonlinearity. The equation for the pulse enveldpés
wherel, is the peak intensity in the PCF mode guiding thewritten as[25,27]
pump pulse and,(r) andf,(r) are the functions describing JA i
the field distribution in the PCF modes guiding the pump and i—=——aA- y|A?A, (9)
probe pulse, respectively. Jz 2
Both the fiber core and the fiber cladding can generallyhere « is the magnitude of losses andis the nonlinear
contribute tos3. Since the nonlinear refractive index of the ¢pefficient responsible for self-phase-modulation.
PCF claddingn,, is typically higher than the nonlinear re-  ypjike the elementary theory of self-phase-modulation,
fractive indexn, of the gas filling the hollow core, it is the magnitude of lossasg, appearing in Eq(9), is a function
instructive to estimate the ratio of the intensity of the pump pulse. To find this intensity
dependence of losses, which is at the heart of the operation

* ) ) of the PCF switch, we expangdas a Taylor series in a small
A [ (Do) [ dir variation of the propagation consta:
-2
= n, (R ) , ®) a=ay+ da, (10
fa()|fm(r)|r dr
| ot -
. . iy . C da
(R is the core radius quantifying the relation between the oa =~ n_(?_a)é'& (11
eff

contributions of the fiber core and the fiber cladding to the

nonlinear-optical variation of propagation constants. With awvhere ny; is the effective refractive index of the guided
simple Gaussian model of field intensity distribution in PCFmode.

modes, Using EQq.(8), we find that
C Jda
r2 Sa = Klgn,——§&, 12
|fn(r)| * GX%— ?) , (6) “ Onzneff 19a)§ (12
n
where
wherea, is the effective mode radius, the integration in Eq. o
(5) yields f [Fa() 2 fm(r) [r dir
0
- L &= P (13
2 2
2 ] 7 J f(r)|r dr
ye nzexr[2R2(a;2+a,}12)]—l (7) o | m |

As can be seen from E@7), the contribution of the PCF Substituting Egs(10) and(12) into Eq.(9), we derive the
cladding to the variation of propagation constants rapidlyfollowing propagation equation:
decays with the growth in the degree of field confinement in
the fiber core, quantified by the ratit/ a, , (Fig. 2). There- gi% +iagA+ 2k2<1 +i
fore, even though the nonlinearity of the PCF cladding is Jz No 2
typically much higher than the nonlinearity of the gas filling where §,|A2=n,.
the fiber core, the contribution of the fiber cladding to varia- With the fieldE(1) at the output of a fiber with a length

tions of propagation constants of well-localized fiber modesrelated to the input fielE(0) by E(I)=a exp(i ¢)E(0), where

can be neglected. Correctiod® for such modes in the ap- . . . . )
proximation of a Gaussian field distributiditq. (6)] are ;Do:ﬁtit Qr? fg:w:_se shift, Eq14) gives the following analytic

then estimated as

C

J
—“f)AIAIZ:o, (14)
neﬁ (?(1)

exp(— agl
a, a=— Ffaa o (19
B~ klonzm- (8 1- n—eﬁgnzfl obefr

In the following section, we will substitute E¢8) into the ~ where\ is the radiation wavelength and
equation governing the evolution of a laser pulse propagating 1 _
through a hollow PCF to demonstrate the switching function Lot =[1 — expl= aql) V. (16)
of such a fiber due to the Kerr-nonlinearity-induced change Expression(15) serves to illustrate the operation of the
in propagation constants. PCF switch. As long as the second, nonlinear term in the
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1.0, teristic for a hollow PCF with a period of the cladding of
about 5um and a core diameter of about 14n, measured
o ¥ by Konorov et al. [28]. With an estimate |da/d\|
o 06! ~10° cm™? obtained from this plot, we arrive at a limiting

switching contrastr;,, of about 1.05 for a 20-cm PCF and
the pump intensity of 1% W/cn? (curve 4 in Fig. 3. Re-
quirements for the pump intensity can be substantially loos-
ened by using gases with high@.g., resonaftnonlineari-
ties.

The estimates presented above show that the Kerr effect
in hollow PCFs may provide sufficiently high contrasts of
switching. The switching efficiency can be further improved
by increasing the pressure of the gas filling the fiber core.
Analysis of nonlinear-optical interactions of short laser
(15) and(17), respectively, in the absence of the pump putseve pulses_ m_the_ regime of h|g_h pressures should,_ howev_er, in-
1) and in the presence of a pump pulse with the intensjty clude ionization effepts, Wh'.Ch ”.‘ay have a nptlceable |nfl_u-
=101 W/cr? (lines 24 for ny=5x 1072 c?/W (atmospheric  €NCE ON thg properties of air-guided modes in PCFs at high
aif, ap=0.1cnil, and da/on=10 cm2 (lines 2 and 3 and laser intensities. Intense l_JItrashort pump pulses, on t_he other
10° cm2 (line 4). The dotted line corresponds to the PCF lenigth hand, may open an additional channel for the switching of a
=1/aq. probe pulse. The spectrgl width of the probe pulse |nquceq

by cross-phase modulation may become comparable in this

. - . . regime with the width of the passband in PCF transmission.
denominator ofa” is small compared to unity, no switching The |osses of the probe pulse can be then controlled by vary-
!S a.Ch]eVed. The n0n|lneal’ term is 'Contl’0||ed by the peal‘ing the intensity of the pump fieid, Suggesting a method of
intensity of the pump pulsey; the nonlinear refractive index  switching competitive in its efficiency with the mechanism
of the gas filling the fiber corey,; overlapping of the modes considered in this work.
guiding the pump and probe pulsé&sthe propagation length
I; and the gradient of PCF transmission at the wavelength o¥- SPATIAL DYNAMICS OF THE LIGHT FIELD IN A PBG
the probe pulseja/d\ (or dal dw). WAVEGUIDE SWITCH

The ratio of the intensities of the probe signal at the out- |n this section, we use the standard slowly varying enve-
put of the PCF in the presence and in the absence of thepe approximatiofSVEA) [25] to examine the influence of
pump field can be used as a measure of the switching corthe Kerr-nonlinearity-induced change in the refractive index

0.4+

0.2

0.0 t T : ]
0 10 20 30 40

FIG. 3. Parametera? (curves 1 and Randp (curves 3 and $
calculated as functions of the fiber lendtim accordance with Egs.

trast. Using Eq(15), we can represent this ratio as in the hollow core of a PCF on the spatial dynamics of air-
guided modes propagating through such a fiber. A hollow
p= 1 (17) PCF will be modeled in our numerical simulations as a co-
N\ da ' axial periodic(Bragg hollow waveguidg29-33. The trans-
1 —n—eﬁgnzflol—eﬁ verse profile of the refractive index in such a waveguide is

shown in Fig. 4. The spatially periodic modulation of the
The effective lengtho¢, as can be seen from E(.6), is  refractive index in the cladding gives rise to photonic band
limited, tending to 1&, for largel. Such a behavior of s  gaps, which can support, similar to the case of a hollow PCF,
dictates the choice of the optimal propagation length for eair-guided modes in the hollow core of the waveguide. Since
reasonable compromise between the switching contrast arffdBG shifting is at the heart of our PCF swit¢hig. 1),
the amplitude of the output signal, which decays as a funcanalysis of a coaxial hollow waveguide is very instructive for
tion of the propagation length(Fig. 3). SettingLos=1/apin & qualitative understanding of the switching abilities and

Eq. (17) (the dotted line in Fig. B we thus find the limiting  Physical limitations of hollow PCFs. This analysis will also
value of the ratiop (Fig. 3): serve to demonstrate the potential of coaxial Bragg

waveguideg 29,30 for the creation of PBG switches. Fi-
1 nally, the model of a waveguide with a periodic cladding
m- (18) considered in f[his se_ction is _applicable to the analysis_ of
- planar waveguides with a periodically modulated refractive
Nett I\ g index of the cladding, similar to waveguides demonstrated
The derivativeda/ o\, characterizing the sharpness of the Py Yeh and Yariv{34,35. Our concept of a PBG switch can
PCF passband, is determined by the structure of the fioeP€ thus extended to include the planar waveguide geometry.
Calculations presented [28] demonstrate that the values of ~ We start with a standard SVEA equation adapted to de-
|dal N| on the order of 10cni2 can be achieved for hollow- Scribe the propagation of TE modes in a coaxial or slab
core waveguides with a coaxial periodic claddifiwllow ~ Waveguide with a PBG cladding:
Bragg waveguideswith a properly chosen air-filling fraction _OE W2 FE 2
of the cladding. Such values ¢da/d\| correspond to the 2lkg=— k? - gnz(x) E-—2 47Tz P (19
limiting switching contrastoy,=1/p;, of about 1.5 for a
20-cm PCF and the pump intensity of'4@V/cn? (curve 3  Here,z andx are the longitudinal and transverse coordinates,
in Fig. 3. In Fig. 2, we plot a typical transmission charac- respectively,n(x) is the transverse profile of the refractive

Piim =
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FIG. 4. Transverse profile of the refractive index in a hollow 08
coaxial waveguide.
2 0.6
index (Fig. 4), k=w/c, and Py =x®|E]’E is the nonlinear & =
polarization. Introducing the longitudinal and transverse di- §
mensionless coordinatész/ A\, andX=x/\,, where\ is an E 0.4
arbitrary reference wavelength that represents the spatis
scale of the problem, we can write 02
JE . A i NgPE . L\
— =ia[nd(x) - 1]2E+ ——>— +i472 =" I |E|E, 0
o€ Nin 41 \jp, OX Nin 0.715 0.720 0.725 0.730 0.735 0.740
20 ® AMum)
where \;, is the wavelength of incident radiation, and FIG. 5. Normalized transmittance of the hollow PBG waveguide
=),/ )\, is the scaled incident wavelength. in the linear regimex®|E|?=0 [open circles in botha) and (b)]

Generally, Eq.(20) allows us to simulate the spatial dy- ano: in thi ”oé"i”ear rﬁgim%(3)|E|2|~4x1U4f(st?“are}5 (a)lsev-
namics of arbitrary input field profiles in a waveguide with €™ pgstz at? Sdarz shown afil) close-up of the spectral range
an arbitrary, one-dimensional transverse index profile. To 124" th€ band edge.

lustrate the switching behavior of modes in a guiding Iayerguide' while the dashed curve with open squares in Rig. 5
or a fiber core with a Kerr nonlinearity, we choose a simpleshows the transmittance in the nonlinear regime with
symmetric structure, composed of an air core and two coy®|E|?>~4x 107*. The nonlinear index of refraction, which
axial cylinders, as depicted in Fig. 4. Since we are usingan be induced, for example, by a high-power pump pulse,
dimensionless coordinates, the results of this analysis can heads to an overall shift of the passbands, switching cw ra-
scaled up or down the spectrum, allowing the description otliation. In the dynamic regime, this effect gives rise to a
PBG waveguides with other dimensions by simply changingeversible shift, probed by field wave forms with a time-
the parameteky. We choseng=1 um for our calculations. dependent intensity. This situation is ideally suited for opti-
Changing the layer or core thickness generally produces neal self-limiting of laser pulses.
qualitative changes to the transmission profile, except for a The band edge around 725 nm shifts by approximately
blue- or redshift of the band structure, and an increase or 8 nm in the nonlinear regimgef. the lines with circles and
decrease in the number of passbands and gaps within a spesguares in Figs.(8) and 5b)]. This result, in fact, suggests
fied range. In Fig. &) we show the linear band structure that laser radiation with a wavelength tuned near 725 nm can
which comes as a result of integrating Eg0), for a wave-  be switched on by increasing its intensity in such a way as to
guide with a 14um core, and coaxial cylinder with @m  approximately satisfy the conditiog®|E|>~4x107% In a
periods. A number of gaps and passbands are clearly visiblpump-probe arrangement, a conti@ump beam can be
and these basic features are shared by all similar devices. used to switch a probe beam on or off. A similar dynamics
In what follows, we will examine the afore mentioned was predicted in the context of a photonic band edge optical
waveguide with a 14+m core diameter and two coaxial cyl- limiter and switch[20].
inders with a period of fum, as shown in Fig. 4, for a The switching of a laser beam propagating through the
structure with an overall size of 2@m, and a length of PBG waveguide is illustrated in Figs. 6 and 7. In Fig. 6, we
0.5 cm. The solid lines with open circles in Figgaband plot the radiation energy in the PBG waveguide as a function
5(b) show the linear transmittandge., X<3>|E|2:0) of this  of propagation distance for a low-intensity bednircles
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FIG. 6. The radiation energy in the PBG waveguittearbitrary
units) as a function of propagation distance for a low-intensity ra-
diation field with ¥¥|E[2=0 and a central wavelength of 725 nm
(circles and a high-intensity radiation field with/®|E>~4
X 107 tuned at the same wavelengtuares

tuned at 725 nm, thus falling outside the passband in fiber
transmission, and a high-intensity beam tuned at the sam
wavelength(squares The contrast in output energy between
the two regimes is approximately two orders of magnitude
for a section of a waveguide with a length of 0.5 cm. The
switching length is thus shown to be several orders of mag-=-.,_<=-
nitude less than the typical attenuation length for hollow
PCFs. With losses as low as 13 dB/km recently reported for
hollow PCF4 8], attenuation should not lead to serious prob-
lems for switching applications, where only a few centime- £, 7. The spatial dynamics of the radiation field in the hollow
ters of PCF is necessary. The spatial dynamics of the radigsBG waveguidey®|E[2=0 (a) and (b) ~4X 1074 The transverse
tion field propagating in the hollow PBG waveguide is and longitudinal coordinates are definedasx/\q and £=z/\,,
shown in Figs. 7 and Ab). In Fig. (@), the laser radiation respectively. Radiation intensity is given in arbitrary units. We as-
rapidly leaks into the cladding, leaving the guiding layer andsume that the radiation is absorbed once it leaves the PBG guide.
leading to a low level of output signétircles in Fig. 6. In

the nonlinear regiméFig. 7(b)], the field is guided with  gypnort isolated guided modes of high-intensity light fields,
much lower losses, resulting in a substantially higher level Ohaking these modes switchable and controllable through the

output signalsquares in Fig. 6 Numerical simulations thus  nqnlinear shift of photonic band gaps of the fiber cladding.
demonstrate optical switching in hollow PCFs with a con-

trast of “on” and “off” states reaching two orders of magni-
tude for properly designed fibers. The passband shift, under-
lying switching in hollow PCFs, is controlled by the intensity
of the laser field and is independent of the phase of this field. We have shown in this work that a Kerr-nonlinearity-
The switching performance of PCFs is, therefore, insensitivénduced profile of the refractive index in the hollow core of a
to the phase matching of the pump and probe fields. photonic-crystal fiber changes the spectrum of propagation
PCF switches demonstrated in this work not only offerconstants of air-guided modes, effectively shifting the pass-
practically advantageous fiber-optic extensions of the generibands in fiber transmission, controlled by photonic band gaps
PBG switching concept, but also offer a unique possibility toof the cladding. This effect is shown to allow the creation of
control and manipulate isolated waveguide modes of highfiber switches, processors, and logic gates for high-intensity
intensity laser fields. Unlike conventional fiber-Bragg- laser pulses. We have quantified the Kerr-nonlinearity control
grating photonic components and solid-state PBG switche®f air-guided modes in PCFs and the performance of a PCF
hollow PCFs can guide light fields in the gas phase, allowingwitch by solving the propagation equation for the slowly
the field intensity to be substantially increased with no damvarying envelope of a laser pulse guided in PCF modes
age on the fiber. While standard, solid-cladding hollow fiberamodified by a pump pulse through the Kerr nonlinearity of
can efficiently guide light only in the multimode regime the gas filling the fiber core. Numerical SVEA analysis of the
(with their losses scaling ag’/d® with the inner fiber diam- spatial dynamics of the light field in a PBG waveguide
eterd and the radiation wavelengbh[1]), hollow PCFs can switch suggests ways to achieve high contrasts of optical

INTENSITY
006 1.2 1.8

VI. CONCLUSION
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