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OPTICAL WAVEGUIDE MONITORING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application Ser. No. 60/273,596, ?led Mar. 5, 2001, 
the contents of Which are incorporated herein by reference. 

TECHNICAL FIELD 

[0002] This invention relates to optical Waveguides, and 
more particularly to monitoring optical Waveguides. 

BACKGROUND 

[0003] Optical Waveguides guide optical signals to propa 
gate along a preferred path or paths. Accordingly, they can 
be used to carry optical signal information betWeen different 
locations and thus they form the basis of optical telecom 
munication netWorks. The most prevalent type of optical 
Waveguide is an optical ?ber based on indeX guiding. Such 
?bers include a core region extending along a Waveguide 
aXis and a cladding region surrounding the core about the 
Waveguide aXis and having a refractive indeX less than that 
of the core region. Because of the indeX-contrast, optical 
rays propagating substantially along the Waveguide aXis in 
the higher-index core can undergo total internal re?ection 
(TIR) from the core-cladding interface. As a result, the 
optical ?ber guides one or more modes of electromagnetic 
(EM) radiation to propagate in the core along the Waveguide 
aXis. The number of such guided modes increases With core 
diameter. Notably, the index-guiding mechanism precludes 
the presence of any cladding modes lying beloW the loWest 
frequency guided mode. Almost all index-guided optical 
?bers in use commercially are silica-based in Which one or 
both of the core and cladding are doped With impurities to 
produce the indeX contrast and generate the core-cladding 
interface. For eXample, commonly used silica optical ?bers 
have indices of about 1.45 and indeX contrasts of up to about 
2-3% for Wavelengths in the range of 1.5 microns. 

[0004] Another type of Waveguide ?ber, one that is not 
based on TIR index-guiding, is a Bragg ?ber, Which includes 
multiple dielectric layers surrounding a core about a 
Waveguide aXis. The multiple layers form a cylindrical 
mirror that con?nes light to the core over a range of 
frequencies. The multiple layers form What is knoWn as a 
photonic crystal, and the Bragg ?ber is an eXample of a 
photonic crystal ?ber. 

[0005] An important characteristic of an optical 
Waveguide is the transmission loss, or attenuation, of the 
Waveguide. Transmission loss can be described as a loga 
rithmic relationship betWeen the optical output poWer and 
the optical input poWer in a Waveguide system. It is a 
measure of the decay of signal strength, or loss of light 
poWer, that occurs as light pulses propagate through the 
length of a Waveguide. Transmission loss can be caused by 
several intrinsic and eXtrinsic factors. In optical ?bers, for 
eXample, intrinsic factors include scattering and absorption. 
Extrinsic causes of attenuation include cable-manufacturing 
stresses, environmental effects, and physical bends in the 
?ber. 

[0006] In optical ?bers the primary mechanism for trans 
mission loss is Rayleigh scattering in the solid ?ber core. 
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Any structural and physical defect, such as voids in the core 
and/or cladding, or ?ber eccentricity, signi?cantly enhance 
light scattering and/or increase the ?ber transmission loss. In 
addition to the increased transmission loss, structural ?aWs 
in the ?ber can also lead to reduced mechanical strength and 
consequently a higher probability of ?ber failure in the ?eld. 
Therefore, it is important to detect the presence of defects in 
the ?ber during the ?ber manufacturing process. A number 
of methods have been developed to monitor the quality of 
the ?ber in real time during ?ber draWing. 

[0007] One such method involves measuring the diameter 
of an optical ?ber and detecting the presence of holes or 
voids in the ?ber. The ?ber is transversely illuminated With 
monochromatic light and an interference pattern is produced 
in the far ?eld due to the superposition of light re?ected from 
the ?ber surface and light refracted through the ?ber. The 
interference fringe pattern depends on the ?ber core and 
cladding diameters and their respective refractive indeXes. 
The number of interference fringes is related to the ?ber 
diameter. HoWever, the presence of a hole results in missing 
fringes. Thus changes in the interference pattern can be used 
to detect holes in the ?ber. 

[0008] Another method, utiliZing the far ?eld interference 
pattern created by illuminating an optical ?ber With mono 
chromatic light, determines a spatial frequency spectrum 
from the interference pattern using a Fast Fourier transform. 
The spatial frequency spectrum contains a frequency com 
ponent corresponding to the ?ber diameter. If there are voids 
or holes present in the ?ber, the spatial frequency spectrum 
Will contain additional components. Detecting these addi 
tional components and observing their behavior over time 
enables determining the eXtent of the ?ber defects as Well as 
their groWth With time. In addition, the total poWer of the 
interference pattern is measured, Which is affected by the 
siZe of a hole. Analysis of the total poWer in the interference 
pattern together With the intensity of the components in the 
spatial frequency spectrum compensates for ?uctuations in 
the light source intensity and enables determining void siZe. 

SUMMARY 

[0009] The invention features techniques for monitoring 
the quality (e.g., optical and mechanical properties, includ 
ing the presence of defects) in optical Waveguides (e.g., 
photonic crystal ?bers). The inventors have recogniZed that 
the spectral composition of light re?ected from the side (e. g., 
light incident on the outside of the Waveguide non-parallel 
to the Waveguide aXis, such as having an angle of incidence 
from about —85 degrees to +85 degrees) of certain optical 
Waveguides (e.g., photonic crystal ?bers) depends on the 
structure and composition of the Waveguide. Hence, by 
monitoring the spectral composition of light re?ected from 
the side of the Waveguide and comparing the measured 
spectrum to a reference spectrum, one can evaluate the 
quality of the ?ber. 

[0010] In a ?rst aspect, the invention features a method for 
monitoring the quality of a photonic crystal ?ber. The 
method includes directing test light toWard a side of a 
photonic crystal ?ber and detecting measurement light 
emerging from the photonic crystal ?ber in response to the 
test light. The method also includes monitoring the quality 
of the photonic crystal ?ber based on the measurement light. 

[0011] Embodiments may include one or more of the 
folloWing. The emerging light can include re?ected light. 
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Monitoring the quality of the photonic crystal ?ber can 
include determining a measurement spectrum of the mea 
surement light. The measurement spectrum can be related to 
the bandgap of the photonic crystal ?ber. Monitoring the 
quality of the photonic crystal ?ber further can include 
determining an error signal that is based on a function of the 
measurement spectrum. The function of the measurement 
spectrum can also be a function of a reference spectrum 
(e.g., an empirically or theoretically determined reference 
spectrum). The function can be related to a difference (e.g., 
a Weighted difference) betWeen the measurement spectrum 
and the reference spectrum. 

[0012] The method can further include draWing a photonic 
crystal ?ber preform into the photonic crystal ?ber While the 
measurement light is detected. Moreover, the method can 
include adjusting draW parameters based on the photonic 
crystal ?ber quality. 

[0013] The photonic crystal ?ber can be a Bragg ?ber. The 
photonic crystal ?ber can be designed to guide light having 
a Wavelength betWeen 1.2 microns and 1.7 microns, or a 
Wavelength betWeen 0.7 microns and 1.0 microns. 

[0014] The measurement light can be detected over a 
range of angles. The detection of measurement light can 
include collecting the measurement light With light collect 
ing optics. 
[0015] Monitoring the quality of the photonic crystal ?ber 
can include detecting structural and/or compositional 
defects in the photonic crystal ?ber. The detection of struc 
tural and/or compositional defects is based on a spectrum of 
the measurement light. Monitoring the quality of the pho 
tonic crystal ?ber can also include detecting differences 
betWeen a measurement spectrum based on the measurement 
light and a reference spectrum. 

[0016] Directing the test light can include directing (e.g., 
simultaneously directing) the test light to different regions of 
the photonic crystal ?ber. Directing the test light can include 
focusing the test light onto the side of the photonic crystal 
?ber. 

[0017] Detecting the measurement light can include 
detecting the measurement light emerging from the regions 
of the photonic crystal ?ber. Detecting the measurement 
light can also include gathering the measurement light 
scattered from the side of the photonic crystal ?ber. Asingle 
optical component can perform the focusing and gathering. 

[0018] Monitoring the quality of the photonic crystal ?ber 
can include determining a measurement spectrum of each 
region of the photonic crystal ?ber based on the measure 
ment light. 

[0019] In another aspect, the invention features a method 
for monitoring the quality of an optical Waveguide, Which 
includes directing broadband test light to a side of an optical 
Waveguide and detecting measurement light re?ected from 
the optical Waveguide in response to the test light. The 
method also includes determining the measurement light 
intensity at a plurality of Wavelengths and monitoring the 
quality of the optical Waveguide based on a measurement 
spectrum of the measurement light. 

[0020] Embodiments can include one or more of the 
folloWing features. Monitoring the quality of the optical 
Waveguide can include comparing the measurement spec 
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trum to a reference spectrum. Monitoring the quality of the 
optical Waveguide can include detecting structural and/or 
compositional defects in the optical ?ber. 

[0021] The method can also include draWing an optical 
Waveguide preform into the optical Waveguide, Wherein 
detecting the measurement light occurs during the draWing. 
The method can further include adjusting a draW parameter 
for the draWing based on the optical Waveguide quality. 

[0022] The optical Waveguide can be a photonic crystal 
?ber (e.g., a Bragg ?ber). 

[0023] In a further aspect, the invention features an appa 
ratus for monitoring a photonic crystal ?ber, Which includes 
a mount for supporting the photonic crystal ?ber, an illu 
mination system Which during operation directs test light to 
a side of the photonic crystal ?ber, and a detection system 
Which during operation detects measurement light emerging 
from the photonic crystal ?ber in response to the test light. 

[0024] Embodiments can include one or more of the 
folloWing. The apparatus can also include a controller, 
Which during operation causes the illumination system to 
direct the test light and receive information based on the 
measurement light detected by the detection system. During 
operation the controller can determine a measurement light 
spectrum. The controller can also detect structural and/or 
compositional defects in the photonic crystal ?ber based on 
the measurement light spectrum. The apparatus can also 
include a ?ber drawing system, Which during operation 
draWs a photonic crystal ?ber preform into the photonic 
crystal ?ber. The controller can also adjust a draW parameter 
of the ?ber draWing system based on the measurement light 
spectrum. 

[0025] Unless otherWise de?ned, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. All publications, patent applications, 
patents, and other references mentioned herein are incorpo 
rated by reference in their entirety. In case of con?ict, the 
present speci?cation, including de?nitions, Will control. In 
addition, the apparatus, methods, and examples are illustra 
tive only and not intended to be limiting. 

[0026] Additional features, objects, and advantages of the 
invention Will be apparent from the folloWing detailed 
description and draWings, and from the claims. 

DESCRIPTION OF DRAWINGS 

[0027] FIG. 1A is a schematic vieW of an embodiment of 
an optical Waveguide monitoring system; 

[0028] FIG. 1B is a schematic vieW of an embodiment of 
an optical Waveguide monitoring system; 

[0029] FIG. 2 is a cross-sectional vieW of an embodiment 
of optics for illuminating the side of an optical Waveguide 
and collecting light re?ected from the optical Waveguide; 

[0030] FIG. 3 is a cross-sectional vieW of an embodiment 
of a photonic crystal ?ber; 

[0031] FIG. 4 is the re?ectance spectrum of a defect-free 
photonic crystal ?ber shoWing the primary and secondary 
photonic band gap; 
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[0032] FIG. 5A are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
a void in the multilayer structure located close to the core, 
and the difference spectrum in the vicinity of the primary 
photonic band gap; 

[0033] FIG. 5B are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
a void in the multilayer structure located close to the core, 
and the difference spectrum in the vicinity of the secondary 
photonic band gap; 

[0034] FIG. 6A are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
a void in the multilayer structure located close to the 
cladding, and the difference spectrum in the vicinity of the 
primary photonic band gap; 

[0035] FIG. 6B are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
a void in the multilayer structure located close to the 
cladding, and the difference spectrum in the vicinity of the 
secondary photonic band gap; 

[0036] FIG. 7A are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
a large void in the multilayer structure, and the difference 
spectrum in the vicinity of the primary photonic band gap; 

[0037] FIG. 7B are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
a large void in the multilayer structure, and the difference 
spectrum in the vicinity of the secondary photonic band gap; 

[0038] FIG. 8A are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
5% layer thickness ?uctuations, and the difference spectrum 
in the vicinity of the primary photonic band gap; 

[0039] FIG. 8B are the re?ectance spectra of the defect 
free photonic crystal ?ber and a photonic crystal ?ber With 
5% layer thickness ?uctuations, and the difference spectrum 
in the vicinity of the secondary photonic band gap; and 

[0040] FIG. 9 is a plan vieW of an embodiment of light 
launching and collecting optics for illuminating and collect 
ing light re?ected by an optical Waveguide. 

[0041] Like reference symbols in the various draWings 
indicate like elements. 

DETAILED DESCRIPTION 

[0042] The invention features methods and apparatus for 
monitoring the quality in optical Waveguides (e.g., photonic 
crystal ?bers). The method is based on directing test light to 
the side of a Waveguide (e.g., at a non-Zero angle relative to 
the Waveguide axis), and measuring the spectrum of light 
emerging (e.g., re?ected) from the side of a Waveguide in 
response to the test light. Measuring the spectrum includes 
measuring the intensity of light for a knoWn Wavelength or 
band of Wavelengths (e.g., measuring an intensity for each 
Wavelength or Wavelength band in a range of Wavelengths). 
Monitoring Waveguide quality can include detecting struc 
tural defects (e.g., deviations in the core radius or cladding 
layer thickness, or the presence of air bubbles or contami 
nant particles) and compositional defects (e.g., variations in 
the refractive indeX of the core or cladding layers from their 
designed values) in the Waveguide. The method can be 
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implemented While the Waveguide is being made (e.g., 
draWn from a Waveguide preform). The structure of some 
optical Waveguides, such as photonic crystal ?bers, can 
eXhibit re?ectance spectra that are strongly dependent on 
their structure. For eXample, photonic crystal ?bers exhibit 
photonic bandgaps (PBGs), Which are Wavelength bands for 
Which the ?bers re?ect substantially all incident light. 
Hence, analysis of the re?ection spectra of Waveguides can 
provide information about the Waveguide’s structure. Analy 
sis of the re?ection spectra can include comparing the 
measured spectra to a reference spectrum, e.g., a theoretical 
re?ection spectrum for a defect-free Waveguide. Moreover, 
When the optical Waveguide is monitored during draWing, 
the information about the Waveguide structure can be used 
to control the draW parameters to adjust for any deviations 
from the defect-free structure. 

[0043] Referring to FIG. 1A, a photonic crystal ?ber 
monitoring system 101 monitors a neWly draWn photonic 
crystal ?ber 20 for defects before a protective coating is 
applied to the ?ber by a coating system 30. From a high 
level perspective, photonic crystal ?ber monitoring system 
101 includes an illumination system 10 and a detection 
system 12. Both illumination system 10 and detection sys 
tem 12 are in communication With a controller 120, Which 
performs data acquisition and spectral analysis. Controller 
120 is also in communication With a photonic crystal ?ber 
draWing system 15, Which draWs photonic crystal ?ber 20 
from a photonic crystal ?ber preform (not shoWn). A ?ber 
mount 18 positions photonic crystal ?ber 20 appropriately 
relative to illumination system 10 and detection system 12. 

[0044] The illumination system directs test light to the side 
of photonic crystal ?ber 20. Test light re?ects from photonic 
crystal ?ber 20, and a portion of the re?ected light is 
detected by detection system 12. Controller 120 acquires 
data related to the detected measurement light from the 
detection system and analyZes the data to determine the 
quality of photonic crystal ?ber 20. Based on the quality of 
the ?ber, controller 120 optionally sends a signal to photonic 
crystal ?ber draWing system 15 to adjust various draW 
parameters to correct for deviations of the ?ber from the 
desired ?ber structure. For eXample, if the measured spec 
trum indicates that the ?ber is thicker than desired, controller 
120 sends a signal to draWing system 15 causing draWing 
system 15 to decrease the ?ber diameter (e.g., by changing 
the preform temperature and/or adjusting the draWing 
speed). Information from the controller can be constantly fed 
back to draWing system 15 to ensure the ?ber is draWn to 
conform to predetermined speci?cations. Furthermore, the 
controller can halt the draWing process When the controller 
detects a defect potentially catastrophic to the ?bers perfor 
mance. The controller can also record the position of the 
defective areas in the ?ber for later folloW-up and of?ine 
quality control. 

[0045] Referring to FIG. 1B, Which shoWs an embodi 
ment of a photonic crystal ?ber monitoring system in more 
detail, the illumination system includes tWo light sources 
80A and 80B, tWo optical ?bers 60A and 60B, and tWo sets 
of illumination and light collection optics 40A and 40B. 
Optical ?bers 60A and 60B guide test light from light 
sources 80A and 80B to illumination and light collection 
optics 40A and 40B, Which focus test light onto the side of 
photonic crystal ?ber 20. Illumination and light collection 
optics 40A and 40B are mounted on alignment stages 50A 
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and 50B, respectively. Alignment stages 50A and 50B 
position illumination and light collection optics 40A and 
40B appropriately With respect to photonic crystal ?ber 20. 
Aportion of the test light is re?ected back to the illumination 
and light collection optics 40A and 40B, Which noW function 
as part of the detection system by gathering measurement 
light and coupling it back into optical ?bers 60A and 60B. 
Directional couplers 70A and 70B separate measurement 
light propagating in optical ?bers 60A and 60B from counter 
propagating test light. Directional couplers 70A and 70B 
direct the measurement light toWard detector 100. Prior to 
impinging on detector 100, ?ber optic coupler 90 combines 
measurement light in ?bers 60A and 60B. 

[0046] Detector 100 measures the spectral intensity of the 
measurement light, yielding a re?ection spectrum R0»). The 
spectral data from detector 100 is recorded by controller 120 
(e.g., a computer). In the embodiment shoWn in FIG. 1B, 
measurement light from ?bers 60A and 60B are combined 
by a coupler 90 before being delivered to detector 100. 
Hence, detector 100 measures the spectral content of mea 
surement light from opposite sides of ?ber 20. In other 
embodiments, each ?ber can direct light to an individual 
detector, each detector measuring a corresponding re?ection 
spectrum. 

[0047] Detector 100 includes a diffraction grating 105 and 
an array photodetector 110. For spectral resolution of about 
5 pm to 10 pm, an inexpensive, short focal length ?xed 
grating monochromators can be used (e.g., Oriel Instruments 
MS125) With diffraction gratings having line density 300 
lines/mm and a blaZe Wavelength in the Wavelength range 
utiliZed for the spectral measurements. Also, depending on 
the Wavelength range, different types of detectors can be 
used. Cooled InGaAs photodiode linear array detectors may 
be employed for spectral measurements in the vicinity of the 
primary PBG, e.g., in the range of 1.2-2.5 pm. Cooled CCD 
linear arrays can be used for measurements in the vicinity of 
the secondary PBG, e.g., in the range of 0.7-1.1 pm. Array 
detectors and ?xed-grating monochromators offer reason 
able speed of operation. For example, the array detectors can 
be operated up to 1 MHZ scanning rates and thus a 1024 
element array can be scanned in about 1 to 2 ms. It is the 
minimal exposure time that determines the speed of spectral 
data acquisition. Given the high sensitivity of modem cooled 
photodetectors and using a number of high brightness light 
sources (such as, e.g., the Agilent 83437A EELED ?ber 
optic broadband light source for the Wavelength range 
1.2-1.7 pm or the high intensity metal-halide arc-lamp 
source for the Wavelength range 0.7-1.0 pm), exposure times 
as short as 2 ms can be achieved. This alloWs acquiring the 
spectral data at a 500 HZ rate. 

[0048] Referring to FIG. 2, illumination light collection 
optics 40A includes a holder 340 and a focusing lens 330. 
Focusing lens 330 focuses divergent test light emitted from 
optical ?ber 60 onto the side of ?ber 20. Focusing lens 330 
also gathers measurement light re?ected from ?ber 20 and 
couples the measurement light into optical ?ber 60. A holder 
340 positions focusing lens 330 relative to ?ber 60. Holder 
340 is mounted on an alignment stage (not shoWn), Which 
positions the focusing lens and ?ber relative to ?ber 20. 

[0049] The cross-section 20A of photonic crystal ?ber 20 
is shoWn in FIG. 3, and includes a dielectric core 320 
extending along a Waveguide axis and a dielectric con?ne 
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ment region 310 surrounding the core. In the embodiment of 
FIG. 3, con?nement region 310 is shoWn to include alter 
nating layers 330 and 340 of dielectric materials having 
different refractive indices. One set of layers, e.g., layers 
340, de?ne a high-index set of layers having an index nhi and 
a thickness dhi, and the other set of layers, e.g., layers 330, 
de?ne a loW-index set of layers having an index n1O and a 
thickness dlo, Where nhi>nlo. For convenience only a feW of 
the dielectric con?nement layers are shoWn in FIG. 3. In 
practice, con?nement region 310 may include many more 
layers (e.g., tWenty or more layers). 

[0050] Photonic crystal ?ber 20 has a circular cross 
section, With core 320 having a circular cross-section and 
region 310 (and layers therein) having an annular cross 
section. In other embodiments, hoWever, the Waveguide and 
its constituent regions may have different geometric cross 
section such as a rectangular or a hexagonal cross-section. 
Furthermore, as mentioned beloW, core and con?nement 
regions 320 and 310 may include multiple dielectric mate 
rials having different refractive indices. In such cases, We 
may refer to an “average refractive index” of a given region, 
Which refers to the sum of the Weighted indices for the 
constituents of the region, Where each index is Weighted by 
the fractional area in the region of its constituent. The 
boundary betWeen region 320 and 310, hoWever, is de?ned 
by a change in index. The change may be caused by the 
interface of tWo different dielectric materials or by different 
dopant concentrations in the same dielectric material (e.g., 
different dopant concentrations in silica). 

[0051] Dielectric con?nement region 310 guides EM 
radiation in a ?rst range of Wavelengths to propagate in 
dielectric core 320 along the photonic crystal ?ber axis. The 
con?nement mechanism is based on a photonic crystal 
structure in region 310 that forms a bandgap including the 
?rst range of Wavelengths. Because the con?nement mecha 
nism is not index-guiding, it is not necessary for the core to 
have a higher index than that of the portion of the con?ne 
ment region immediately adjacent the core. To the contrary, 
core 320 may have a loWer average index than that of 
con?nement region 310. For example, core 320 may be air, 
some other gas, such as nitrogen, or substantially evacuated. 
In such a case, EM radiation guided in the core Will have 
much smaller losses and much smaller nonlinear interactions 
than EM radiation guided in a silica core, re?ecting the 
smaller absorption and nonlinear interaction constants of 
many gases relative to silica or other such solid material. In 
additional embodiments, for example, core 320 may include 
a porous dielectric material to provide some structural 
support for the surrounding con?nement region While still 
de?ning a core that is largely air. Accordingly, core 320 need 
not have a uniform index pro?le. 

[0052] The alternating layers 330 and 340 of con?nement 
region 310 form What is knoWn as a Bragg ?ber. The 
alternating layers are analogous to the alternating layers of 
a planar dielectric stack re?ector (Which is also knoWn as a 
Bragg mirror). The annular layers of con?nement region 310 
and the alternating planar layers of a dielectric stack re?ec 
tor are both examples of a photonic crystal structure. Pho 
tonic crystal structures are described generally in Photonic 
Crystals by John D. Joannopoulos et al. (Princeton Univer 
sity Press, Princeton N.J., 1995). 
[0053] As used herein, a photonic crystal is a dielectric 
structure With a refractive index modulation that produces a 
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photonic bandgap in the photonic crystal. Aphotonic band 
gap, as used herein, is a range of Wavelengths (or inversely, 
frequencies) in Which there are no accessible extended (i.e., 
propagating, non-localiZed) states in the dielectric structure. 
Typically the structure is a periodic dielectric structure, but 
it may also include, e.g., more complex “quasi-crystals.” 
The bandgap can be used to con?ne, guide, and/or localiZe 
light by combining the photonic crystal With “defect” 
regions that deviate from the bandgap structure. Moreover, 
there are accessible extended states for Wavelengths both 
beloW and above the gap, alloWing light to be con?ned even 
in loWer-index regions (in contrast to index-guided TIR 
structures). The term “accessible” states means those states 
With Which coupling is not already forbidden by some 
symmetry or conservation laW of the system. For example, 
in tWo-dimensional systems, polariZation is conserved, so 
only states of a similar polariZation need to be excluded from 
the bandgap. In a Waveguide With uniform cross-section 
(such as a typical ?ber), the Wavevector [3 is conserved, so 
only states With a given [3 need to excluded from the 
bandgap to support photonic crystal guided modes. More 
over, in a Waveguide With cylindrical symmetry, the “angu 
lar momentum” index m is conserved, so only modes With 
the same m need to be excluded from the bandgap. In short, 
for high-symmetry systems the requirements for photonic 
bandgaps are considerably relaxed compared to “complete” 
bandgaps in Which all states, regardless of symmetry, are 
excluded. 

[0054] Accordingly, the dielectric stack re?ector is highly 
re?ective in the photonic bandgap because EM radiation 
cannot propagate through the stack. Similarly, the annular 
layers in con?nement region 310 provide con?nement 
because they are highly re?ective for incident rays in the 
bandgap. Strictly speaking, a photonic crystal is only com 
pletely re?ective in the bandgap When the index modulation 
in the photonic crystal has an in?nite extent. OtherWise, 
incident radiation can “tunnel” through the photonic crystal 
via an evanescent mode that couples propagating modes on 
either side of the photonic crystal. In practice, hoWever, the 
rate of such tunneling decreases exponentially With photonic 
crystal thickness (e.g., the number of alternating layers). It 
also decreases With the magnitude of the index contrast in 
the con?nement region. 

[0055] Furthermore, a photonic bandgap may extend over 
only a relatively small region of propagation vectors. For 
example, a dielectric stack may be highly re?ective for a 
normally incident ray and yet only partially re?ective for an 
obliquely incident ray. A “complete photonic bandgap” is a 
bandgap that extends over all possible Wavevectors and all 
polariZations. Generally, a complete photonic bandgap is 
only associated With a photonic crystal having index modu 
lations along three dimensions. HoWever, in the context of 
EM radiation incident on a photonic crystal from an adjacent 
dielectric material, We can also de?ne an “omnidirectional 
photonic bandgap,” Which is a photonic bandgap for all 
possible Wavevectors and polariZations for Which the adja 
cent dielectric material supports propagating EM modes. 
Equivalently, an omnidirectional photonic bandgap can be 
de?ned as a photonic band gap for all EM modes above the 
light line, Wherein the light line de?nes the loWest frequency 
propagating mode supported by the material adjacent the 
photonic crystal. For example, in air the light line is approxi 
mately given by u)=c[3, Where no is the angular frequency of 
the radiation, [3 is the Wavevector, and c is the speed of light. 
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A description of an omnidirectional planar re?ector is dis 
closed in US. Pat. No. 6,130,780, the contents of Which are 
incorporated herein by reference. Furthermore, the use of 
alternating dielectric layers to provide omnidirectional 
re?ection (in a planar limit) for a cylindrical Waveguide 
geometry is disclosed in Published PCT application WO 
00/22466, the contents of Which are incorporated herein by 
reference. 

[0056] When alternating layers 330 and 340 in con?ne 
ment region 310 give rise to an omnidirectional bandgap 
With respect to core 320, the guided modes are strongly 
con?ned because, in principle, any EM radiation incident on 
the con?nement region from the core is completely 
re?ected. HoWever, such complete re?ection only occurs 
When there are an in?nite number of layers. For a ?nite 
number of layers (e.g., about 20 layers), an omnidirectional 
photonic bandgap may correspond to a re?ection in a planar 
geometry of at least 95% for all angles of incidence ranging 
from 0° to 80° and for all polariZations of EM radiation 
having frequency in the omnidirectional bandgap. Further 
more, even When photonic crystal ?ber 30 has a con?nement 
region With a bandgap that is not omnidirectional, it may still 
support a strongly guided mode, e.g., a mode With radiation 
losses of less than 0.1 dB/km for a range of frequencies in 
the bandgap. Generally, Whether or not the bandgap is 
omnidirectional Will depend on the siZe of the bandgap 
produced by the alternating layer (Which generally scales 
With index contrast of the tWo layers) and the loWest-index 
constituent of the photonic crystal. 

[0057] In additional embodiments, the dielectric con?ne 
ment region may include photonic crystal structures differ 
ent from a multilayer Bragg con?guration. For example, 
rather than the Bragg con?guration, Which is an example of 
a one-dimensionally periodic photonic crystal (in the planar 
limit), the con?nement region may be selected to form, for 
example, a tWo-dimensionally periodic photonic crystal (in 
the planar limit), such as an index modulation corresponding 
to a honeycomb structure. See, for example, R. F. Cregan et 
al., Science 285:1537-1539, 1999. Furthermore, even in a 
Bragg-like con?guration, the high-index layers may vary in 
index and thickness, and/or the loW-index layers may vary 
in index and thickness. In general, the con?nement region 
may be based on any index modulation that creates a 

photonic bandgap. 

[0058] In the present embodiment, multilayer structure 
310 forms a Bragg re?ector because it has a periodic index 
variation With respect to the radial axis. A suitable index 
variation is an approximate quarter-Wave condition. It is 
Well-knoWn that, for normal incidence, a maximum band 
gap is obtained for a “quarter-Wave” stack in Which each 
layer has equal optical thickness M4, or equivalently d34o/ 
d33O=n1O/nhi, Where d and n refer to the thickness and index, 
respectively, of the high-index and loW-index layers. These 
correspond to layers 340 and 330, respectively. Normal 
incidence corresponds to [3=0. For a cylindrical Waveguide, 
the desired modes typically lie near the light line u)=c[3 (in 
the large core radius limit, the loWest-order modes are 
essentially plane Waves propagating along Z-axis, i.e., the 
Waveguide axis). In this case, the quarter-Wave condition 
becomes: 








