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Cladding-Mode-Resonances in Air-Silica
Microstructure Optical Fibers

B. J. Eggleton, P. S. Westbrook, C. A. White, C. Kerbage, R. S. Windeler, and G. L. Burdge

~ Abstract—We present a comprehensive study of mode propaga- Fig. 1(a)—(d) show ASM fibers with different air-hole frac-
tion in a range of different air-silica microstructured fibers. The  tions and air-hole distributions spanning guidance regimes from
inscription of both Bragg and long-period gratings (LPGs) intothe  offective volume guidance to simple total-internal reflection.

photosensitive core region of microstructured air—silica fibers has Fig. 1 h fiber that | i iodicall d
allowed us to generate complex transmission spectra from a range F19- 1(2) shows a fiber that incorporates periodically space

of fibers with various fill fractions and with increasing air-clad hole  @ir-holes in the cladding region, with a relatively small air-fill
diameters. The spectral characteristics for typical air-hole geom- fraction, referred to in this paper agystal fiberg2]. This name

etry’s are explained qualitatively and modeled using beam prop- s chosen to reflect the fact that this fiber comprises an approxi-
agation simulations, where the numerical modeling corroborates mately periodic arrangement of air-holes in the cladding region

the experimental measurements. Specifically, the data reveal the . . - . . )
propagation of higher order leaky modes in fibers with periodi- but that light is guided simply due to total internal reflection

cally spaced air-holes, and relatively small air-fill fraction. And as  and is unaffected by photonic bandgap effects. In this fiber, the
the air-hole diameter increases, spectra show cladding modes de-small-scale microstructure, created by the array of air-holes, al-

fined solely by the inner air-clad region. We describe these mea- |ows the spatial distribution [2], effective index of modes [9],

surements and corresponding simulations and discuss their impli- [10] and dispersion [7], [11], [12] to be controlled by the air-fl

cations for the un_ers_tan g o_ sue a_'r' OeStr%'CtureS: _ ratio and the ratio of propagation wavelength to air-hole di-

Inl_dex_Terms—Blrelf;!ggenclzeagperoptu_:s,lrr]:_ct))dellgg,pptlcal flt_)erl ameter. As the air-hole size is increasedir-tlad” fibers of

applications, optical fiber cladding, optical fiber devices, optica S . .

propagation, periodic structures, polarization. varying inner cladding d|ameter_s result. Severa_tl examples are
shown in Fig. 1(b)—(d). In these fibers, propagation of modes is
defined by an inner cladding—that region between the core and

I. INTRODUCTION the surrounding air-holes, and guidance requires only a single

ECENT excitement has been generated by the demdayer of air-holes. Such mode confinement allows for waveguide

stration of air—silica microstructured (ASM) optical ﬁbersproperties s_imilar to that (_)f a fiber with_a diameter equal to the
[1]-[7]. These fibers, which have been known since the earliddf'e" cladding, and also isolates the fiber modes from the ex-
days of silica light guide research [1], come in different flavoriernal environment (e.g._, exhibits insensitivity to external index)
(e.g.,photonic crystafibers [2]-[5], honey-comtiibers [6] or  [9]: [13]-[16]. As the air-holes approach the central core re-
holeyfibers [7]), and are usually single material fibers that indion. @ ‘high-delta microstructureaptical fiber,” is achieved
corporate numerous air voids in the cladding that run along tR& Shown in Fig. 1(d). As discussed further below, such a fiber
length of the fiber. As a result of the large controllable inde}@S Similar characteristics to a step index fiber with an index
variations that can be obtained in these fibers they can possdigrence corresponding to the airsilica index difference, in
unique characteristics that allow a wide range of guidance prdpiect the largest possible delta achievable in a silica fiber. The
erties with different guidance mechanisms. Guidance can oc&fpdes in such afiber are tightly confined by the air-holes and

as a result of a photonic bandgap created by a carefully select8gW Strong anomalous dispersion at visible wavelengths [17],

periodic array of air-holes in the cladding region [8]. In sucht8l: ) )
fibers, light is confined to a region of low index in the center 10 date, research has focused on understanding the guidance

of the fiber and guidance occurs for a frequency range in whifepPerties of fundamental modes localized in the core region,
light cannot propagate in the periodic cladding [8]. Another gef" €xample, bend loss, cutoff wavelength [2], mode field di-
eral guidance regime, which we consider further in this pap&meter [7], and dispersion [11], [12], [17], [18]. Several appli-
is characterized by total internal reflection at the silica core af§@tions have been considered including, the use of such fibers
air-cladding region [2], [7]. More generally, total-internal refor dispersion compensation in Ilght_wave transmission systems
flection is achieved by an effective average refractive index dift2]: the demonstration of fibers with large effective area for

ference between a central high-index silica core region and figgluced nonlinearity [19] and fibers that are single-mode over
surrounding air-hole cladding region. broad spectral ranges [2]. More recently, Raakal.[17], [18]

demonstrated fibers with small effective area and zero group ve-
_ _ _ locity dispersion in the visible for enhanced nonlinear effects.
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Fig. 1. SEMs and photographs of respective ASM optical fibers: (a) crystal fiber, (b) grapefruit fiber, (c) air-clad fiber, and (d) high deltantimexsbptical
fiber.

[10], [13]-[16]. In these applications, the air regions are n$i3], and a novel method for suppressing cladding mode loss
necessarily involved in core mode guidance, and are designediber Bragg gratings (FBGs) [15], [16].

to manipulate higher order modes that propagate predominanthA study of the spectra of gratings in ASM optical fibers is

in the cladding region, referred to atadding modesln such valuable because it allows for a full characterization of both core
fibers, core mode guidance is achieved simply by changiagd cladding modes. In particular, a Bragg grating written into
the composition of the core (e.g., doping with germaniumihe core of such a fiber facilitates phase matching to counter-
which allows for the fabrication of photosensitive gratings. Ipropagating higher order modes. When excited, these counter-
this context, these fibers can also allow for the introductigoropagating modes manifest themselves as resonant loss in the
of active materials into the air-hole regions yielding novetorresponding transmission spectrum thus providing a modal
hybrid waveguide devices [14]-[16]. This is the motivatiospectrum of the waveguide, revealing effective indexes (propa-
for establishing a clear understanding of the transmissigation constants). This can also provide a simple method for ob-
spectra of these gratings and the relation of these spectra totdiring mode-field patterns of higher order modes of the wave-
characteristics of these cladding modes. Several applicati@usde. The modal properties obtained can be applied more gen-
of gratings in air—silica and hybrid polymer—silica waveguidesrally to the design of components and transmission fibers.
have been demonstrated, including widely tunable long-periodin an earlier paper, we reported the fabrication of both FBGs
grating (LPG) filters [15], [16] with on-fiber thin-film heaters and LPGs in a fiber comprising a periodic array of air-holes in
[14], LPG resonances that are insensitive to external index [18je cladding (crystal fiber) [9], [10]. The transmission spectrum
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of the FBG provided detailed modal characteristics of the fiber. cladding

For example, this characterization demonstrated the propaga- —_— Y\

tion of higher order leaky modes and showed that the effective s core
index of these modes as well as their spatial distribution is deter- «

mined by the air-fill fraction and the ratio of propagation wave-

length to air-hole diameter. The associated near field mode im- 00 ]
ages agreed very well with those obtained using beam propaga- -0.5]
tion method (BPM) simulations [9], [10]. -1.07
Following our earlier report [9], [10], in this paper, we 1.5
present a detailed modal characterization of a range of different @ 2.0]
ASM optical fibers with limiting characteristics (e.g., air-fill T
fraction, ratio of propagation wavelength to air-hole diameter -2.57
and air-hole distribution). These fibers, shown in Fig. 1(a)—(d), -3.01
each demonstrate an ability to manipulate core and cladding 35
modes in different ways, by the placement and distribution of '

the air-holes. They incorporate a small photosensitive region in 4.0
the central core allowing for the inscription of both FBG and

LPGs. By inspection of the transmission spectrum of the FBG

written |_nto the core of these f_|bers, we O_btam a _mappmq:ig. 2. Typical transmission spectrum of FBG exhibiting short wavelength
of the different modes of the fiber. In particular this charagoss. Each dip in the transmission spectrum is associated with grating facilitated
terization provides effective indexes, mode-field distributiorghase matching to a counterpropagating cladding mode. The inset shows a
and polarization properties for both fundamental and high%crhemat'c of Bragg grating in the core of a conventional optical fiber.

order modes that propagate in the cladding. The spectra of . . _ ] )
these gratings are analyzed and explained qualitatively. Wgtinct cladding modes, which are confined by the glass—air

also show that BPM numerical methods can be effective‘l?terface- Since cladding modes have their optical power dis-

used to compute modal field shapes and propagation constdffted throughout the cladding, the corresponding cladding

of transverse spatial modes of ASM fibers and in particulf0de spectrum is dependent on the structure of the cladding
can accurately describe “leaky mode” propagation in cryst&f We_II as the air—silica interface at the e_dge of the_ cladding.
fibers. And in the design of grating structure we obtain godg'@dding mode resonances are exploited in the design of FBG
agreement between calculated results and experimental resif@] and LPG [23] devices. In the case of FBG the cladding

We discuss the implications of these results in more detail f8}°d€ 10ss is often regarded as a nuisance where the short wave-
the design of grating based devices and more generally in {f89th 10ss reduces the usable bandwidth (see for example Ref.
applications of ASM optical fibers. [24]). In the case of LPGs these cladding modes are exploited in

The paper is structured as follows: In Section Il we revie\Rfﬂ_e design of band-rejection filters for flattening of optical am-

cladding mode resonances in both FBGs and LPGs. We triffiers [23]. . .
provide a description of BPM for computation of waveguide BY €xamining the transmission spectrum of a FBG written
properties and establish the relationship between the transnfit2 an ASM fiber, we expect to gain insight into the guidance
sion spectrum of a FBG and the modal spectrum computed usfigPerties of the core and cladding modes and to correlate these
BPM. In Section IIl, we describe the fabrication of gratings iRTOPerties with images of the cladding mode field. In effect, the

ASM optical fibers and experimental apparatus used to obtd[gNSMiSsion spectrum provides a “mapping” of the waveguide

mode-field images of grating excited modes. In Sections IV-\il0des that can be used to obtain effective indexes and mode-

we present detailed results on grating spectra and near-fidfdds for the respective modes. For the relatively “weak” index
mode distributions for the different ASM optical fibers. Th&ratings considered in this paper, the actual index modulation is

transmission spectra are analyzed and compared to numerffiy @ weak perturbation on the modes of the waveguide. Thus
simulations using BPM. we can examine the modes of the unperturbed guide using the

grating by neglecting the relatively small effect of the grating
on the modes, an approximation that is implicit in the use of
coupled mode theory [25], [26].

15I25 1&';30 15lSS 15;40 15I45 15ISO 15I55
Wavelength (nm)

[I. BACKGROUND The grating region is characterized by an index modulation,
_ which may be nonuniform in the transverse dimensiersd
A. Cladding Mode Resonances y. The index variation is defined through the full expression for

The primary measurement we use to study gratings in ASWIe index modulation in the core

optical fibers is their transmission spectrum. Fig. 2 shows, a An(z, y, 2) = An(z, y) - cos(2rz/Arpg) 1)
schematic illustrating grating induced coupling from a guided : ’

core mode to a cladding mode, and a typical transmission spetiere Arpc is the period of the FBG. In this paper we assume
trum of an FBG written in conventional fiber, see [20]-[22] fothe transverse index change to have circular symmetry. Conse-
an excellent review. The sharp resonant loss on the short wagigently for fibers that exhibit symmetric cladding distributions
length side of the Bragg resonance is due to coupling to thege only observe coupling to symmetric modes.
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A simple description of the core and higher order claddingy equation (5)] at wavelengths determined by the modal com-
modes can be obtained through direct inspection of the trap®sition, multiplied by a grating dependent shape factor.
mission spectrum of the FBG, and knowledge of the grating pe-The coupling constant; of the ith cladding mode is pro-
riod Arpc. The effective index of the fundamental mode localportional to an overlap integral of the core mdd&.o..(x, ¥))
ized in the core regiom(™) can be determined using the Braggvith the cladding mod€E..q, i(, y)) weighted by the trans-
condition \p = 2n.,Arpg; Where throughout the following verse refractive index change in the grating region [20]-[22]
discussions we assume effective indexes. The effective indexes
of the respective cladding modes can then be determined using = (f) / Eoore(z, V) Efy i(z, v)An(z, y) dz dy. (6)
the well known phase matching conditiofcaa,i + fo1 = A ’
2n [ Appg [26], wherefag, ; is the propagation constant of therpe core and cladding mode E-fields are assumed to be normal-
ith cladding mode propagating in the opposite direction to thg, 4
fundamental LB, with propagation constarty; . Rearranging
the phase matching equation and usihg = (2r/M)n it is / Eeore(, ) Bl o2, y) du dy
straightforward to show that the effective index.1,q i) of the
ith cladding mode is given by, .
' g g y = Eclad, i($7 y)Eclad, i(xv y) dx dy

1 (7

i i ] (6) highlights an important but obvious point: only modes that
whereq,q,; is the wavelength for resonant coupling to #ie |50 shatial overlap with the grating region are excited via phase
claddlng mode. For wavelengths close to the Bragg resonarb%se-matching. (7) ensures the coupling constantsave the
We can ignore th_e wavelength dependencecg;fe .and”“‘ad' dimensions of length! and depend only on the spatial field dis-

The effective mdexes obtamed_ from |nspect|or_1 of the I:Bﬁibution, and not the overall magnitude of the field. We further
spectrum can be used in the design of LPGs, which couple ume that the coupling between cladding madess small
fundamental core _mode to _c.opropagating cladc_iing mOP'eS [Zﬁﬂ'comparison with the core-cladding coupling. This approxi-
The phase matching condition for copropagating grating colasion is valid for conventional fiber where the grating index
plers [20], [21], [23] can be written as variation in the core represents a much smaller fraction of the

cladding-mode field extent than of the core-mode field. This
ArpG,i = (oo = Netad, i) Arra () s less valid in some of the microstructured fibers considered

. . . inthis paper. Nevertheless, we obtain good agreement between
whereArpq, ; is the resonant coupling wavelength afgbc is computed results and experimental spectra.

the period of the LPG. Neglecting dispersion, it is straightfor- The determination of the coupling constants requires a modal
ward to show that the LPG resonance wavelength is proportiori]al pling q
h

Aclad, i
Ticlad, i = - — Neo (2)
Arpa

to the wavelength interval between the Bragg resonance and ecomposition of the core and cladding E-fields. Unfortunately,

e ) . : . )
cladding resonance in the FBG: orASM fibers, the direct computation of these modal fields is

difficult using conventional mode solvers. This results from the

ALPG. i AN relatively high contrast and sharp features between glass and air
— = (4)  as well as the relatively high order and lossy nature of some
of the cladding modes. We describe within the next section a

whereA); = Ap — Adaq, i iS the difference between the fundaimethod of computing these quantities with a simple extension

mental Bragg resonance (given by the Bragg condition) and thiea well-known numerical scheme.

wavelength of theth cladding mode resonance.

Predicting the peak intensities of the experimental gratifg Beam Propagation Modeling Using Correlation Method

spec'gra, however requires detailed knowledge o_f the modal dispe beam-propagation correlation method provides a simple
tributions and use of coupled mode theory, which we explofigitive method of determining the modal spectrum and modal

Arpc Afpa

below. profiles for a waveguide [27]-[29]. It has been used extensively
in the study of complex waveguides and is particularly well
B. Coupled Mode Theory suited to computing mode evolution in waveguides that vary

The use of coupled mode theory for the treatment of fibér the longitudinal direction and in geometry’s where leaky
gratings has been well explored, see, for example, [20], [21]. Foodes are important. This latter point is of particular interest in
uniform FBGs (constant index modulation and grating period})is work where we consider the propagation of leaky cladding
which we consider in this paper, the transmission coefficientaodes in different ASM fibers. Briefly, the BPM correlation

the peak of thexth resonance is given by method propagates a launched field profile within a wave-
guide. The correlation function of the initial profile with the
T; = 1 — tanh®(x; L) (5) propagated profile at each poifat) in the guide is constructed.

The Fourier transformation of this correlation function extracts
where L is the length of the FBG [22] and; is the coupling periodic variations, which determine the propagation constants
coefficient (given below) between the core and cladding modier the modes of the system. To obtain accurate results using
1. The spectra consists of the contribution of each mode [give&#M, the launched profile must include the modes of interest,
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and the propagation must be computed for a long enougithe initial launched profile. Since the modes of the guide form
distance to reliably separate the modes. a complete orthogonal set, we can decompose this launched pro-

The determination of coupling coefficients using the BPM rdile into a combination of core and cladding modes just as in
quires a deeper understanding of the details of the method. Hupiation (8). Here, the strengthswithin the launched profile
propagation of the field along thedirection through a trans- are identical to the coupling constants)necessary for a cou-
verse guide can be written as pled mode analysiss

Ele,u, )= Y aiBi(r, y)e=i? ® o= [ Bl 0)Ane, 1) Euon, ) e dy = (3) .
- v

13

where for each modg E; (z, v) is the transverse modal profile, ~
a; is the amplitude strength of each mode, @hd= 27n; /A is  NOW by analogy with equation (10), the relative intensities of
the wavevector in the propagation direction the Fourier transformed peaks determine the squares of the cou-

The BPM computes this functiod(x, v, =), for all z given Pling coefficients. Thus we obtain the frequencies and coupling
only the initial starting field=(z, v, 0) and the refractive index coefficientswithout having to directly compute the modal fields.
profile of the guide. This propagation is accomplished without The BPM method makes several approximations, which
a priori knowledge of the modal decomposition, however; thehould negligibly affect the computed grating spectra. These
propagation contains all the information about the modes [2APProximations include the use of a scalar wave equation, and
Given E(z, y, =) for many values of, the correlation method the numerical effects inherent in BPM simulations, and the
then extractsy;, 3;, andE;(z, y) for each of the modes which assumption that the grating does not strongly effect the modal
compose the launched initial profile. properties of the guide. The use of a scalar wave equation has

The correlation method begins by computing a correlatid¥een well tested for understanding modal propagation [29].
function between the initial launched profile, and the profile #lthough significant difficulties may arise when attempting

eachz value to compute polarization information for high contrast sys-
tems, the effective indexes, and modal profiles should and do
P(z) = / E(z, y, 0)E*(z, y, ) dz dy. (9) compare well with our experimental measurements, which do

not attempt to extract polarization or other vector quantities.

However, we note that detailed quantitative comparisons for
e high-delta microstructured optical fibers, discussed in
Section VI, may require the use of a vector based computation
method. The numerical issues concerning beam propagation on
a finite grid have been well explored, and the results reported
here are insensitive to changes in these numerical tolerances
The Fourier transform aP(z) with respect to: will be sharply (9rid size, propagation length, etc.). Finally, the assumption
peaked at frequencies given by the propagation constints that the grating does not dramatically affect the modes of the
further, the relative intensities of these peaks will be given Iguide can be assessed through a comparison of the computed
the square of the strengths of each mode. Since the donot and measured spectra, as well as a simple order of magnitude
change with propagation, a mode not included in the launche@mparison between the relative changes in refractive index of
profile will not be found by the BPM. By computing the Fourietthe transverse and propagation directions.

transformation of2(z, y, ) with respect to

Since the mode profiles are orthogonal in the transverse pla
we can simplifyP(z) using the modal decomposition

P(z)= Z oafe Pz, (10)

IIl. EXPERIMENT
E(z,y, ) = / e E(x, y, 2)dx A. Fabrication of Gratings

= Z o Bz, y)o(8 — B;) (11)

Fabrication of FBGs in ASM optical fibers consisted of scan-
ning a 242 nm beam along the length of a conventional phase
mask [30], [31]. The ultraviolet beam was generated by an ex-
evaluated a3;, we can uniquely determine the modal fieldsimer-pumped, frequency-doubled dye laser, with a typical flu-
E;(z, ). As we show below, these fields compare well with thence of 500 mJ/cipulse. The grating fabrication in ASM op-
experimentally imaged modal fields. This step is often accortical fiber was not different from that in conventional fiber. Both
plished through a secondary BPM step, which directly evaluatée exposure level and dosage were typical for FBGs written in
the Fourier transform only &t;. conventional fibers and no significant alignment problems were

Using these quantitie®’;(x, i) one could directly compute encountered. In the case of the crystal fiber, we observed signif-
the coupling constants necessary for equation (6). However, titignt scattering of the ultraviolet light from the air-holes during
route requires multiple computational steps, including a qualiie writing. This resulted in a diffraction pattern in the far field
titative determination ofZ;(x, %), which again is difficult for beyond the fiber that was largely random. LPGs are similarly
this type of microstructured fiber. An alternative method can uggitten using an amplitude mask and a ultraviolet beam which
BPM with is scanned along its length [23]. A fluence of about 75 m3/cm

at 40 pps was typically used from an unfocussed excimer laser
E(z, y, 0) = An(z, y)Ecore(, ¥) (12) at248 nm.
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Fig. 3. Experimental setup used to characterize near field images for respective air—silica microstructured optical fibers. Bragg grately erteied
counterpropagating “cladding modes” which are imaged in the near field on the VIDECON camera.

B. Modal Characterization

In order to fully characterize the waveguide properties of
the various microstructured fibers, we performed systematic
mode imaging. The experimental setup is shown in Fig. 3.
A 1.55 um tunable source was coupled into the reflective
FBG using a beam-splitter. Light is coupled predominantly
into the core mode. By tuning the wavelength of the source,
we selectively excited different counter-propagating cladding
modes, facilitated by phase matching provided by the FBGs.
The light reflected off the FBG was imaged in the near field on
a vidicon infrared (IR) camera using a microscope objective.
Care was taken to keep the bare fiber straight and to avoid
asymmetric stresses caused by clamping. A transmission
spectrum of the FBG could then be obtained by measuring the
power transmitted through the grating as the wavelength fde- 4. Schematic of photosensitive crystal fiber showing air-holes and core
the laser was tuned (resolution 3 pm). When capturing image '°?§dizg,e£"f'],,'§}(jejgnﬁa”;é?gﬁ‘;i‘;{?g}ggf 2 um. and germanium
of the reflected mode-field the far end of the fiber was placed

in index-matching gel so as to minimize back reflectiongensitive germanium core such that it would appear as a small
For consistency, when describing these modes, we adopt Jagrhation on the guided modes of the fiber but contain suffi-

conventional nomenclature of referri_ng to t_hese highe_r ordgknt germanium to write a grating. A typical crystal fiber has
modes as “01,” “02,” etc., often associated with weak guidancg..qre of photosensitive germanium with radjus~ 1 zm,

and A = (Ncore — Nclad)/Mcore ~ 0.5%, whereng,. and
IV. CRYSTAL FIBER neaa are, respectively, the refractive index of the germanium
The crystal fiber was first demonstrated by Russell ar@pre and the inner silica cladding, with a corresponding=
co-workers [3], [4], [19], [32] and consisted of an all-silica27p/Ay/12e — 12,4 ~ 0.6 @t A = 1.55 um (ignoring the
fiber with a periodic array of air-holes in the cladding, resurrounding air-holes). The core is surrounded by a hexagonal
ferred to asphotonic crystal fiberby these authors. Thesearray of holes in a silica matrix with an air hole diamefer-
authors suggested various applications of these fibers includihgm and spacing. ~ 10 zm extending to a radius e#60 m,
large effective area for reduced nonlinearity [19], as wefiorresponding to six to seven layedg( ~ 0.2 andA/A ~ 6.5
as describing fibers that were “endlessly” single mode [2&t 1.5 #m). An outer silica region of 20g:m surrounded the
This latter property was explained using an effective inddattice of air-holes. Note that this fiber, guides simply due to in-
model in which the cladding index is wavelength dependent; i&nal reflection and, with a lattice constantif ym, is not
short wavelengths light is more confined in the glass regiorgxpected to be influenced by photonic bandgap effects at these
avoiding the air holes and increasing the effective index of tieavelengths.
cladding. The results presented below are consistent with this
work and further explore the detailed nature of higher ord& Crystal Fiber Grating Spectra
modes that propagate in the cladding. The fiber was deuterium loaded to enhance the photosensi-
! . tivity of the germanium region and was exposed through a con-
A. A Crystal Fiber Design ventional phase mask with a period &f;ask = 1.075 pm
Fig. 4 shows a schematic of the crystal fiber [also in Fig. 1(a)lArsc = Amask/2) at a fluence of 240 mJ/chipulse. The
The crystal fiber was designed with a sufficiently small photasltraviolet exposure was a 4 cm, constant velocity scan of a 7

Bragg grating
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Effective index crystal fiber directly onto standard fiber using a three-port circu-
1.43 1.44

j 01.42 ' 1.43 i lator. Note only one resonance appears (“01”) in the reflection
I e / o ) spectrum. As we show below, the other resonances in transmis-
sion spectrum Fig. 5(a) correspond to higher order leaky modes
0.8 03 A that are quickly dissipated upon propagation. They are analo-
c gous to cladding mode resonances of a conventional FBG [20],
O (64 04 02 see Fig. 2. Resonance labeled “01” therefore corresponds to re-
H lo.1o0 — flection of the core guided mode and indicates that the fiber is
E "~ 3 single-mode at 1.5Gm. This observation is consistent with the
o 0.4- .
c analysis of Russebt al. [2].
s Jo.05 Using the Bragg condition we estimate the effective index of
F 021 the fundamental mode (“01”) to b&f = 1.444, which is es-
sentially that of silica ah = 1.5 xm. We note that this obser-
0.0 42 USPESPURPEL UMD SOU. . SRV, . 0.00 vation implies that the fundamental mode is only very weakly
154 1545 1550 1555 guided by the crystal fiber, a result that is confirmed by the high
Wavelength (nm) bend sensitivity. Furthermore, we note that in a similar fiber
without a raised central index region (e.g., Ge core), such as
@ those described by Russell and coworkers [2], the core mode
50 would have an effective index slightly below that of silica and
01 thus would be leaky, ultimately absorbed by the polymer jacket.
40 The effective index of other modes can be determined using
EE the phase matching condition (3). These results are summarized
S 301 in Table I, along with results from numerical simulations using
c BPM simulations, described further below. Several qualitative
._g statements can be made about the highly irregular transmission
S 20 spectrum of the FBG written in crystal fiber. First, the cladding
= mode resonances have similar coupling strengths compared
é‘:’ 10- to the fundamental resonance. As we show below, cladding
modes of this fiber are confined by the lattice of air-holes; in
_WMJJJ effect the array of air-holes forms an effective inner cladding.
0 Consequently, these first few cladding modes have relatively

1540 1545 ; 1550 1555 large overlap with the grating region, compared to a similar

strength grating in conventional fiber. Second, the spacing
Wavelength (nm) of respective cladding mode resonances is larger than in a
conventional fiber (cf., Fig. 2), also because of the reduced

(b) effective cladding diameter. Finally, the onset of cladding

mode loss is determined by the core/cladding effective index
Fig. 5. (a) Measured (solid line) transmission spectrum of FBG written idifference (An.g) [24]. In the case of the crystal fiber, the
crystal fiber before (solid Iine_z), calculated moc_ial spectrum (t_:iashed !ine) apffective index difference of the cladding is not well defined
measured spectrum (dotted line) after application of external index (difficultto .
see) and (b) measured reflection spectrum. and is strongly wavelength dependent [2]. Nevertheless, one

can obtain an estimate akn.g by careful examination of
mm FWHM Gaussian beam for 1000 seconds, yielding a pe&lg. 5(a) (and other similar spectra not shown here). The onset
index modulation ofAn ~ 4 x 1075. Because of the small of loss at~1551.53 nm giveszﬁniffymlﬁber ~ 1.3 x 1073
germanium core, the overlap of the fundamental mode with tfgorresponding toA ~ 0.1%), which within experimental
grating is substantially less than in a conventional fiber, wherelincertainty, is consistent both with the analysis of [32] and
is typically 80% [22]. We show below that the overlap betweewith the fiber being single mode.
the core mode and the grating region in the crystal fiber is only We subsequently wrote an LPG in the crystal fiber. Using the
la1| ~ 0.3, giving i1 = TAnai /A ~ 0.25cm~! andsL ~ 1. resultssummarizedin Table | and (3) and (4) we estimate agrating
The increase in the effective index of this mode, due to the yeriod ofA;p = 155 um for a LPG coupling into resonance
traviolet exposure, is onlAn¢E, ~ 10~° and is thus a small “04” [Fig. 5(a)] atA,, ~ 1.55 um. Upon annealing the exposed
perturbation on the actual modal properties of the fiber. fiber, we recorded the transmission spectrum shown in Fig. 6

The solid line in Fig. 5(a) shows the transmission spectru(aolid line), with a resonance atl.6 xm; where the shift may

of the FBG; the top axis shows the computed effective inddse attributed to some uncertainty in determining the effective
using (2). It was measured after the grating was suitably andexes of the respective modes and annealing. A second strong
nealed to remove deuterium. The dashed line shows the caesonance was also observed 4050 nm. We note two observa-
puted modal spectrum, described below, where the right véiens concerning this resonance: 1) the temperature dependence
tical axis is the mode overlap defined in equation (13). Fig. 5(lJas measured to be0.02 nm/C and 2) the polarization splitting
shows the measured reflection spectrum obtained by splicing thas~0.1 nm. Both of these are relatively low for a LPG.
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TABLE |
SUMMARY OF EFFECTIVE INDICES OFRESPECTIVEMODES OFCRYSTAL FIBER

Mode label Ag(nm) Re{nex} exp. Re{n.} BPM.
01 1552.29 1.4439 1.4442
02 1550.29 1.4402 1.4404
03 1549.19 1.4382 1.4385
04 1546.99 1.4341 1.4342

1.2 field images when the laser wavelength is tuned to: a) 1549.196
nm resonance “03” and b) 1546.990 nm resonance “04.” Note
that the shape of the mode field images reflect the hexagonal
symmetry of the lattice and that much of the energy is confined
to the inner few rings or holes. Note that the apparent “hole” in
the center of the mode is an artifact of the numerical simulation
plotting routine.

Numerical simulations using BPM were then performed. The
BPM simulation [29], [33] consisted of exciting the crystal fiber
(Germanium core and 7 layers of air-holes in a hexagonal array,
surrounded by infinite silica cladding) with a symmetric on-axis
Gaussian beam with a beam waist2of:m, corresponding ap-
proximately to the width of grating region (see Section II-C).
0.0 ——— 77— No z-dependence was included in this simulation and the ultra-
1575 1585 1595 1605 1615 1625  \jigjet-induced index change is only a weak perturbation on the

Wave|ength (n m) waveguide modes. The correlation method computed the modal
spectrum, mode eigenfunctions and corresponding effective in-

1.0

0.8 1

0.6 -

0.4

0.2

Transmission

Fig. 6. Measured transmission spectrum of LPG written in crystal fiber befoqsexes [27]. L
(solid line) and after (dashed line) application of external index. The dashed line in Fig. 5(a) shows the calculated modal spec-

trum, which qualitatively resembles the transmission spectra

Both the FBG and LPG were then immersed in inde%hown by the solid line in Fig. 5(a} [see (13)]. These si_mula-_
matching liquid with an index of, = 1.457 (at 632.8nm). tions sho_vved that modes 02 and higher are leaky, that is, their
The dotted lines in Figs. 5(a) and 6 show, respectively tfEOPagation constants are complex [34]. The real part of the
transmission spectrum of the FBG and LPG after applicati§ifective indexes of the modes closely matched those of mea-
of the external index. Note that there is no noticeable changié®d resonances (see Table I) and show “even” mode intensity
in the spectrum. In fact the dotted line cannot clearly Jetterns, see Fig. 7, that are similar to our observations (*02”
resolved in this figure as the transmission spectra is completg?/d “04"). These simulations confirm that the effective indexes
unchanged. In particular, the insensitivity of the FBG spectrufif these modes, as well as the spatial distribution of cladding
to external index indicates that these cladding mode resonani@§ies, and thus associated grating spectra, are determined by
are confined by the array of air-holes, that is, there is negligitige crystal fiber design, including, in particular, the air-fill frac-
power at the glass/air interface. This result is in contraln and ratio of propagation wavelength to air-hole diameter.
with conventional gratings whose cladding mode spectra ar8€ calculated imaginary part of the modes yields a similar
dramatically affected by changes in the external index, see 18FS /€ngth to that determined from the cutback measurements

example Ref. [13], [20]. (~1-2 dB/cm), and indicates that any imperfections in lattice
only play a small role in making the cladding mode resonances
C. Crystal Fiber Cladding Modes of the crystal fiber lossy. We may conclude that cladding modes

In order to better understand the propagation of the claddi(rjlf this crystal fiber, which have effective indexes below that of

modes of the crystal fiber, we performed a series of cutbaS ca, are stripped off by the high index outer silica region and

. . a} there is negligible coherent feedback from the outer silica
measurements. The fiber was cleaved several times at sevgtr

) i [Pinterface. We note that similar leaky cladding modes have
different Ie_ngths between the FBG and the observation planeogen observed in depressed-cladding fibers [35], [36] and fibers
allow for different propagation lengths of the reflected modeg1Urrounded with high index polymers [34]

These experiments revealed that, whereas mode “01” had rela- '
tively low loss, modes “03” and “04” only propagated several
centimeters beyond the grating. Mode imaging measurements
were then performed on the remaining fiber, using 40 ob- As the air-hole diameter increases, such as when a crystal
jective (see Fig. 3). Fig. 7(a) and (b) shows, respectively, nddver geometry transitions to an air-clad fiber geometry, the

V. AIR-CLAD FIBER
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Fig. 7. Near field images light reflected off FBG when the tunable laser wavelength is tuned to: (a) 1549.196 nm, corresponding to the resomkis.labele
(b) 1546.990 nm corresponding to the resonance labeled “04.” The second column shows corresponding numerically simulated mode profiles.

modal properties are expected to change dramatically. In this A
limit the cladding modes are defined solely by the inner air-clad
region and not by the outer cladding. These fibers also allow for
the introduction of polymers into the air-hole regions yielding
novel hybrid air-silica polymer waveguides.

A. Grapefruit Fiber Design

. . . . 125um
Fig. 8 shows a schematic of the “grapefruit” ASM fiber [also

see Fig. 1(b)]. The physical and optical properties of this fiber
differ significantly from the crystal fiber. It incorporates six
large air-holes that form an approximately 4@n air annulus
around a central silica region 32m in diameter, with a cor-
responding air-fill fraction 0/~30%. The center of this region ‘L
contains a germanium-doped core of diametgrm andA ~

9'35%' The core mode is confined to Fhe Central_ region of thfilg. 8. Shows a cross section of the 13® diameter grapefruit fiber with its
fiber and is mostly unaffected by the air-hole regions. ~40 pm diameter air hole.

B. Grapefruit Fiber Grating Spectra light from these low order modes leaks out of the webbing be-

This fiber was deuterium-loaded, and an apodized FBG witiveen the holes, so the outer silica region has almost no influ-
periodAppa = 0.538 um, length 4 cm, and\n ~ 0.0002 was ence on the mode structure for the inner cladding modes. The
ultraviolet written into the fiber core. The solid line in Fig. Qwavelength spacing of these cladding modes is larger than the
shows part of the transmission spectrum of the FBG. Note thatvest order cladding resonances in conventional fiber, because
the cladding loss spectrum is modified from that in a standatide spacing between theth and(m + 1)th resonance varies
silica cladding fiber (see Fig. 2) by the unusual air-silica gepproximately as the inverse of the square of the waveguide di-
ometry. In particular, the wavelength spacing is larger than theneterAX,, ~ (1 + 2m)/D?_,, whereD,;,4 is the diameter
lowest order cladding resonances in conventional fiber. As wéthe inner cladding.
show below, these resonances correspond to the few claddin@he remainder of the cladding mode spectrum consists of
modes that are confined primarily in the small diameter silicanaller resonances whose mode field patterns are distributed
region and thus have large overlap with the core mode. Littleroughout the waveguide. This effectis demonstrated in Fig. 10
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1548 1550 1552 1554 Fig. 10. Transmission spectra of FBG written into the core of the grapefruit

fiber before (solid line) and after (dashed line) application of external index
Wavelength (nm) matched fluid. The inset shows a higher order cladding mode resonance being

slightly perturbed by surrounding the fiber with index matched fluid.
Fig. 9. Part of trgn;mission spectrum of FBG written into the core Qf 'the
?ngﬁgglﬁggir (solid line) and calculated modal spectrum of the grapefrwtflbarashed line in Fig. 9 shows the computed modal spectrum of
the grapefruit fiber where the agreement between the measured
by the dashed line for a FBG written in such a fiber that has begRectrum and computed spectrum is good particularly for the
immersed in index matching oib(= 1.457 @ 632 nm). The lower order modes. The second column in Fig. 11 shows the
low order modes in the two cases are identical. As can be sé&fresponding numerically simulated mode profiles and the
in the left resonances of Fig. 10, and the inset, the higher ordista is summarized in Table I1.
modes, which interact with the external cladding-oil interface,
are slightly affected. The fact that they are only slightly pe>. Hybrid Air—Silica Polymer Waveguide
turbed illustrates that these higher order modes are confined b

both the inner and outer cladding. %’he small effective diameter of the grapefruit fiber can be

exploited in the design of tunable LPG filters, which can be ad-
C. Grapefruit Fiber Cladding Modes j.usted. over a su.bstant'ially larger bandwidth than similar I._.PG
. . _filters in conventional fiber [15], [16]. The enhanced tunability
Mode imaging measurements were then performed using §igms from two factors: the relatively large spacing of the lower
FBG inreflection. Fig. 11 show near field mode images obtainggyer cladding modes (proportional to the inverse square of the

when the laser wavelength was tuned to cladding diameter) and the fact that air regions may be infused
a) 1553.96 nm (the L§2 mode); with a material such as a polymer whose refractive index rela-
b) 1552.39 nm (LE); tive to silica may be tuned (through temperature variation). If
c) 1550.84 nm (LB); the polymer refractive index is below;;.,, total internal re-
d) 1549.73 nm (LB,); flection will occur at the boundary, resulting in a phase shift
e) 1547.36 nm (LR). that depends on the tunable polymer—silica index difference.

Note that these mode shapes reflect the hexagonal symmetrylé resulting cladding mode resonance condition, (and hence
the grapefruit fiber and that for the lower modes §L-FLP,,) LPG resonance wavelength) will be tunable. The degree of tun-
much of the energy is confined to the inner cladding regioability of a given resonance is determined by the spacing of the
These lower order cladding modes exhibit low loss and have reladding mode resonances, since, roughly speaking, each res-
atively low bend loss, in contrast to the crystal fiber. Fig. 11(f)nance corresponds to another factorraiccumulated phase
shows a higher order cladding mode, when the laser was tunedhift, and the phase shift upon total internal reflection may be
1535.82 nm. Fig. 11(g) shows a larger view of the same claddiwgried between 0 and/2 by changing the index difference.
mode and illustrates that this higher order cladding mode hakus, the tuning range (or slope of the wavelength shift versus
a small amount of energy in the outer cladding region. Inde@gdlymer—silica refractive index difference) is proportional to
this cladding mode resonance exhibits a small sensitivity to eXdadding resonance spacing [15], [16], [37]. Hence, by incor-
ternal index as was shown in Fig. 10. The azimuthal variation porating materials into the air-hole regions tunable LPGs can
cladding index variation allows this higher order cladding modee realized with tuning bandwidths larger than can be achieved
and others not shown here to tunnel into the outer silica regidn.conventional fibers with pure silica claddings.

The grapefruit fiber was modeled using BPM simulation. In one such experiment an acrylate-based polymer with index
This simulation consisted of exciting the fiber, illustratedlose to that of silica was introduced into the air regions of the
schematically in Fig. 8, (germanium core surrounded by sgrapefruit fiber. The polymer was then UV cured to form a hy-
air-holes with cylindrical glass air-interface) with a symmetribrid waveguide at the grating, as illustrated in Fig. 12. Heating
on-axis Gaussian beam with a beam waistsofum, corre- the fiber changed the index of the polymer and tuned the reso-
sponding approximately to the width of grating region. Theance wavelength of a grating [see (3)].
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Fig. 11. Near-field images of light reflected off FBG when the laser was tuned to: (a) (01) 1553.96 nm {theddre); (b) (02) 1552.39 nm (LR); (c) (03)
1550.84 nm (LRs) mode; (d) (04) 1547.82 nm (LR mode); (e) (05) 1547.36 nm (LB mode); (f) (06) 1535.82 nm; (g) a larger view of cladding mode (f). The
second column shows corresponding numerically simulated mode profiles.

Using the effective indexes obtained from inspection of thegions and thus the mode effectively sees an infinite lossy
FBG transmission spectra and the phase matching condit@dadding and is completely unaffected by the external cladding.
for an LPG, a period oA; pg = 550 pm was chosen to couple The outer air—silica interface remains in tact, allowing, for
into cladding mode resonance §JPof Fig. 9(a). The polymer example, on-fiber thin film heaters for temperature tuning [14],
used in this experiment had an index that was slightly beld&8]-[40].
that of silica and so the corresponding mode spatial distributionThe temperature dependence of the resulting cladding mode
is similar to that in Fig. 11(b). The high optical losses ofesonance is shown in Fig. 13. The tuning range is in excess of
the polymer frustrate propagation through the polymer filleti50 nm for this LPG, which is significantly larger than could be
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TABLE I
SUMMARY OF EFFECTIVE INDEXES OF RESPECTIVEMODES OFGRAPEFRUIT FIBER

Mode Label An (M) Nefr €XP. ne.s BPM
01 1553.96 1.4455 1.4455
02 1552.39 1.4425 1.4422
03 1550.84 1.4396 1.4398
04 1549.73 1.4341 1.4379
05 1547.36 1.4331 1.4346

1450 1500 1550 1600
nm

Fig. 13. Spectrum of LPG in hybrid polymer-silica fiber at different
temperatures.

i.e., closely spaced cladding mode resonances much weaker
in strength than the Bragg resonance. Indeed this transmission
spectrum resembles that of a grating written in conventional
fiber, as illustrated in Fig. 2. Fig. 15 show near field mode
images obtained when the laser wavelength was tuned to: a)
1539.30 nm (the L mode); 1539.20 (LK); and 1539.00
(LPg4). These modes closely resemble those of conventional
optical fibers, LBz, LPy3, LPy4, and are only slightly perturbed

by the silica webbing.

silica
silica

polymer
silica
polymer

VI. HIGH-DELTA MICROSTRUCTUREDOPTICAL FIBER

Fig. 12. (a) Photo of hybrid polymer air-silica microstructured optical fiber As the air-holes approach the core region their influence on
and (b) schematic. the core mode increases. As discussed further below, such a fiber
has similar characteristics to a step index fiber with an index
obtained in a conventional fiber [34], [37], [41]. These resuldifference corresponding to the air—silica index difference, in
show that this tunability may be achieved through temperatug#fect the largest possible delta achievable in a silica fiber. This
control with an integrated, robust geometry in ASMs and illuggeometry provides strong anomalous dispersion at visible wave-
trates the potential for enhancing the tunability, due to the smhdhgths as well as reduced effective area [17], [18]. The unusual

effective cladding diameter. modal properties of this fiber are explored below by inscribing
an FBG in the core of the fiber. In particular the spectra show
E. Air-Ring Fiber dramatically reduced cladding mode loss due the large spacing

We studied a second type of air-clad fiber shown iaf lower order cladding modes and strong birefringence.
Figs. 14(a) and 1(c). This air-ring fiber resembles conventional i )
fiber with a standard core and an inner cladding region, but'a High-Delta Fiber Design
ring consisting mostly of air, surrounds the inner cladding [13], Fig. 16(a) and (b) shows respectively, a photo of the cen-
[14], [39], [42]. This “air-cladding” is protected by an outertral region of the high-delta microstructured fiber, as well as
silica tube, which is held in place by thin silica webs. This fibes schematic. This high-delta microstructured optical fiber had
has been used in recent demonstrations of external index-insephotosensitive germanium core of radius pm andA =
sitive, LPGs [13] and electrically-tunable LPGs [14]. Fig. 14(b)n.o —nciad)/Tcore ~ 0.5%, wheren., andn1,q are the refrac-
shows the transmission spectrum of a FBG written in this fibeiye index of the germanium core and the inner silica cladding,



1096 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 8, AUGUST 2000

index of the core mode to be approximately; ~ 1.40, which

is well below that of silica. The low effective index of the core
mode is due to the strong overlap of the core mode with the
closely spaced air-regions, and is indicative of the significant
waveguide contribution to the dispersion of this fiber, see [18].
Also note from Fig. 17(a) the absence of cladding mode loss for
this range of wavelengths. As we show below, because of the
small effective inner cladding diameter of this fiber, the cladding
silica webs modes are offset significantly from the Bragg resonance.

By adjusting the polarization of the probe light we can in-
terrogate the birefringence of the fiber. Note the appearance in
Fig. 17(b), of two strong resonances, spaced by approximately
2.5 nm. This polarization splitting is a result of the strong bire-
{f“ fringence of B ~ 2 x 1073, of the ASM fiber, where con-

tributions arise from the asymmetric stresses in the core and
the asymmetry in the geometry. We are able to examine the
contribution of these two effects by filling the air-holes with
polymer and measuring the birefringence as the polymer—silica
index difference is tuned. The geometrical contribution to the
polarization splitting will decrease as this index difference de-
creases, whereas the stress induced contribution should remain

1 unchanged because of the uniform properties of the polymer.
-10 Measurements of the polarization splitting upon introduction of

I an index matched polymer into the air-hole regions showed a
— decrease in birefringence indicating that both factors are likely
1535 1536 1537 1538 1539 1540 1541 1542 {0 be contributing to the birefringence.

Wavelength (nm)
C. High-Delta Fibers Modes

(b) ) _— .
The fiber was initially modeled using BPM where we only

Fig. 14.  (a) Schematic of the air-ring fiber and (b) transmission spectra of FBynsidered the central region surrounded by infinite silica
witten into the core of the air-ring fiber. cladding [see Fig. 16(b)]. The computed modal spectrum shows
a core mode with an effective index afy ~ 1.405, in good

) . . . L agreement with the experimental measurements described
manium core arg_ﬂve alr—holes apprOX|mat§'|yum in diam- above, and indicates a second mode of the inner cladding
eter. The outer silica cladding extends to a diametéf76fum. region with an effective index oh.g ~ 1.25. Indeed the

Note also the small interstitial air-hole with diameted.5 pm. difference between the lowest modes of the inner cladding

This fiber represents an extreme case of the air-clad fiber d&épion isA ~ 10%, and is much larger than the core-cladding

outer silica tube

dB

respectively. Approximatelg ,m from the center of the ger-

cussed in Section V. Here the air-holes are exploited to direcfly, step in standard fiber; it exhibits similar modal proper-
manipulate the core mode as well as isolate the cladding mo &3 10 a step-index fiber wi’tlzk ~ 30%. Consequently, the

from th.e central core region and only a single layer of air-hol %rresponding cladding mode spectrum in this fiber is offset
is required for guidance. Except for an asymmetry caused by Sm the Bragg resonance by as much as 80 nm, consistent

photqsensitive core _region, this fiber is similar ?n design_ to thWith the measured grating spectra. Further simulations of the
used in recent experiments by Ranétal.[17], which exploited entire fiber structure (where the outer glass—air interface was

the small effective area and dispersive properties to generaﬁﬁ@orporated into the simulation) indicate that the core mode

visible super continuum. A Bragg grating in the core of this P& not the fundamental mode of the fiber, that is there exist

of fiber will reveal the cladding mode properties as well as ”}ﬁadding modes with energy in the outer cladding region that

potentlally.lnte.restlng polarization properties resulting from tr\,?ave propagation constants higher than the core mode. These
asymmetric microstructure.

cladding modes (witm.r > n.oe) have negligible spatial
overlap with the grating in the central core region and thus are
i . ) ) not excited by interaction of core guided light with the grating.
A length of the fiber was first loaded with deuterium to enaieratively, grating scattered light is confined within the core

hance the photosensitivity of the germanium region and theghion due to total internal reflection off of the inner airsilica
was exposed using 242 nm through a conventional phase mgg ndary.

with a period ofA .5 = 1.075 pm whereArpe = Amask/2.
This produced a peak index modulation&f. ~ 107>, The
transmission spectrum of the FBG is shown in Fig. 17(a) and
(b). Note that the resonant wavelength occurs at approximatelyin summary, we have considered grating resonances in four
1505 nm. Using the Bragg condition we estimate the effectiadr—silica microstructured optical fibers with limiting charac-

B. High-Delta Fiber Grating Spectra

VII. CONCLUSION
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Fig. 15. Near field mode images obtained when the laser wavelength was tuned to: (a) 1539.30 nm(thedd); 1539.20 (L£); and 1539.00 (LFs).

The first fiber comprised a core region surrounded by a pe-
riodic array of air-holes in the cladding with an air-fill frac-
tion of ~5%. The cladding modes of this fiber are distributed
throughout the cladding and are governed by the air-fill frac-
tion. We demonstrated that the cladding modes are leaky, i.e.,
they penetrate the air-hole barrier and thus are quickly dissi-
pated and exhibit significant bend loss.

The second fiber comprised a core region surrounded by six
relatively large air-holes with a corresponding air-fill fraction of
~30%. In this fiber the core mode was unaffected by the air-hole
Fig. 16.  (a) Shows a photo of the inner region of the high delta microstructurepadding. The lower order cladding modes are confined to the
fiber. (b) Schematic. . . . L .

inner silica region and do not extend significantly into the outer

cladding region. Higher order cladding modes tunnel through
teristics. By inspection of the transmission spectrum of Braghe interstitial regions and thus have some energy in the outer
gratings written into the core of these fibers we have obtainethdding region. As a result, these higher order cladding modes
a knowledge of the guidance properties of light propagatirexhibit a small sensitivity to external index. The air-holes create
through the air—silica cladding structures, including effectivan inner effective cladding with a diameter smaller than that of
index, “leakiness” or loss due to waveguide structure, ardconventional fiber, a feature that can be exploited in the de-
overlap with the core region. The resulting filter characteristicsgn of tunable filters in hybrid air—silica—polymer waveguides
of gratings in these fibers are determined by the characteristiosmed by infusing polymer into the air regions.
of the microstructure (e.g., fill fraction and/or structure of The third fiber comprised an air-ring supported by silica web-
the array of holes). In particular, the spatial distribution anbing. The cladding modes of this fiber resembled those of con-
the effective index of higher order modes can be controlle@ntional fiber and were only slightly perturbed by the web-
by the microstructure design. For each fiber type we haténg region. They also exhibited negligible sensitivity to ex-
demonstrated, by adjusting the details of air-holes, maniputarnal index indicating that the cladding modes are confined by
tion of core modes and higher order modes that propagatetlie air-ring region.
the cladding, in ways that cannot be achieved in conventionalFinally we considered the high-delta microstructured optical
fibers. fibers, comprising a central photosensitive core region sur-

(a)

(b)
I ©

<«—20um—>
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Fig. 17. (a) Transmission spectra of FBG written into the core of the fiber. (b) Transmission spectra where the launched polarization was adjitstethéo e
different principal axis.

rounded by five closely spaced air-holes. Here the air-holes amectra. It is well known that dispersion can impact grating
exploited to manipulate both the core modes and the claddisgectra [43], particularly in the context of LPGs. the impact
modes of the fiber. Several observations were made concerndrighe controllable dispersion of microstructured optical fibers

the modal characteristics of this fiber as follows: on LPG spectra. We expect that further understanding of the
a) the effective index of the core mode was substantialf¢lationship between the air—silica microstructure fiber and its
below that of the refractive index of silica; transmission spectrum has potential for enabling novel fiber

b) the spacing of the inner cladding modes was increasé@vices.
dramatically because of the small inner cladding diam-
eter, resulting in a dramatic offset of the cladding mode ACKNOWLEDGMENT
loss from the Bragg resonance;

¢) cladding modes with energy in the outer region have IittI§t
spatial overlap with the core region;

d) the birefringence of the fiber was significantly larger tha

in conventional fiber.
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