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Conventional solid-core optical fibres require highly transparent
materials. Such materials have been difficult to identify owing to
the fundamental limitations associated with the propagation of
light through solids, such as absorption, scattering and nonlinear
effects. Hollow optical fibres offer the potential to minimize
the dependence of light transmission on fibre material transpar-
ency1–3. Here we report on the design and drawing of a hollow
optical fibre lined with an interior omnidirectional dielectric
mirror4. Confinement of light in the hollow core is provided by
the large photonic bandgaps5–7 established by the multiple alter-
nating submicrometre-thick layers of a high-refractive-index
glass and a low-refractive-index polymer. The fundamental and
high-order transmission windows are determined by the layer
dimensions and can be scaled from 0.75 to 10.6 mm in wavelength.
Tens of metres of hollow photonic bandgap fibres for transmission
of carbon dioxide laser light at 10.6 mm wavelength were drawn.
The transmission losses are found to be less than 1.0 dB m21,
orders of magnitude lower than those of the intrinsic fibre
material, thus demonstrating that low attenuation can be achieved
through structural design rather than high-transparency
material selection.

Silica optical fibres8,9 have been extremely successful in telecom-
munications applications, and other types of solid-core fibres have
been explored at wavelengths where silica is not transparent10,11.
However, all fibres that rely on light propagation principally
through a solid material have certain fundamental limitations
stemming from nonlinear effects, light absorption by electrons or

phonons, material dispersion and Rayleigh scattering that limit
maximum optical transmission power and increase attenuation
losses12,13. These limitations have in turn motivated the study of a
fundamentally different light-guiding methodology: the use of
hollow waveguides having highly reflecting walls. Light propagation
through air in a hollow fibre eliminates or greatly reduces the
problems of nonlinearities, thermal lensing and end-reflections,
facilitating high-power laser guidance and other applications that
may be impossible using conventional fibres12,14,15. Hollow metallic
or metallo-dielectric waveguides12,16–19 have been studied fairly
extensively and found useful practical applications, but their per-
formance has been bounded by the notable losses occurring in
metallic reflections at visible and infrared wavelengths, as well as by
the limited length and mechanical flexibility of the fabricated
waveguides. Hollow all-dielectric fibres relying on specular or
attenuated total reflection have also been explored, but high
transmission losses have prevented their broad application12,20,21.
More recently, all-dielectric fibres consisting of a periodic array of
air holes in silica have been used to guide light through air using
narrow photonic bandgaps1–3. Solid-core, index guiding versions of
these silica photonic crystal fibres have also been explored for
applications such as very-large-core single-mode fibres, nonlinear
enhancement and broadband supercontinuum generation, polar-
ization maintenance and dispersion management3. However, the
air-guiding capabilities of such waveguides have remained limited
thus far by the difficulties in fabricating long, uniform fibres which
must have a high volume fraction of air and many air–hole periods,
as well as by the large electromagnetic penetration depths associated

 

Figure 1 Cross-sectional SEM micrographs at various magnifications of hollow cylindrical

multilayer fibre mounted in epoxy. The hollow core appears black, the PES layers and

cladding grey, and the As2Se3 layers bright white. This fibre has a fundamental photonic

bandgap at a wavelength of ,3.55 mm.
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with the small photonic bandgaps achievable in these air–silica
structures2,22.

In the fibre we report here, the hollow core is surrounded by a
solid multilayer structure of high refractive-index contrast, leading
to large photonic bandgaps and omnidirectional reflectivity. The
pertinent theoretical background23 and recent analyses24–27 indicate
that such fibres may be able to achieve ultralow losses and other
unique transmission properties (M. Ibanescu et al., manuscript in
preparation). The large photonic bandgaps result in very short
electromagnetic penetration depths within the layer structure,
significantly reducing radiation and absorption losses while increas-
ing robustness.

To achieve high index contrast in the layered portion of the
fibre, we combined a chalcogenide glass with a refractive index of
,2.8, arsenic triselenide (As2Se3), with a high glass-transition
temperature thermoplastic polymer having a refractive index of
,1.55, poly(ether sulphone) (PES)30. We recently demonstrated
that these materials could be thermally co-drawn into precisely
layered structures without cracking or delamination, even under
large temperature excursions28. The same polymer was used as a
cladding material, resulting in fibres composed of ,98% polymer
by volume (not including the hollow core); the fibres thus combine
high optical performance with polymeric processability and
mechanical flexibility. We fabricated a variety of fibres by depositing
an As2Se3 layer (5–10 mm thick) by thermal evaporation onto a
25–50-mm-thick PES film, and the subsequent ‘rolling’ of that
coated film into a hollow multilayer tube called a fibre pre-form.
This hollow macroscopic pre-form was consolidated by heating
under vacuum, and clad with a thick outer layer of PES; the layered
pre-form was then placed in an optical fibre draw tower, and drawn
down into tens or hundreds of metres of fibre having well-
controlled submicrometre layer thicknesses. The nominal positions
of the photonic bandgaps were determined by laser monitoring of
the fibre outer diameter during the draw process. Typical standard

deviations in the fibre outer diameter were ,1% of that diameter.
The resulting fibres were designed to have large hollow cores, useful
in high-energy transmission.

Scanning electron microscope (SEM) analysis (Fig. 1) reveals that
the drawn fibres maintain proportionate layer thickness ratios, and
that the PES and As2Se3 films adhere well during rigorous thermal
cycling and elongation. Within the multilayer structure shown in
Fig. 1, the PES layers (grey) have a thickness of 900 nm, and the
As2Se3 layers (bright) are 270 nm thick (except for the first and last
As2Se3 layers, which are 135 nm). Broadband fibre transmission
spectra were measured with a Fourier-transform infrared (FTIR)
spectrometer (Nicolet Magna 860), using a parabolic mirror to
couple light into the fibre and an external detector. The results of
these measurements are shown in Fig. 2, bottom panel, for fibres
having two different layer structures. For each spectrum, light is
guided at the fundamental and high-order photonic bandgaps. The
top panel of Fig. 2 shows the corresponding photonic band
diagram4,7 for an infinite periodic multilayer structure, calculated
using the experimental parameters of our fibre (layer thicknesses
and indices). Good agreement is found between the positions of the
measured transmission peaks and the calculated bandgaps, corrobo-
rated by the SEM-measured layer thicknesses, verifying that trans-
mission is dominated by the photonic bandgap mechanism.

In order to demonstrate ‘wavelength scalability’ (that is, the
control of transmission through the fibre’s structural parameters),
another fibre was produced having the same cross-section but with
thinner layers. We compared the transmission spectrum of the
original 3.55-mm-bandgap fibres with that of the fibre having
scaled-down layer thicknesses. Figure 2 shows the shifting of the
transmission bands, corresponding to fundamental and high-order
photonic bandgaps, from one fibre to the next. The two fibres
analysed in Fig. 2 were fabricated from the same fibre pre-form
using different draw-down ratios (fibres with a fundamental band-
gap centred near 3.55 mm have an outer diameter of 670 mm; those
with a gap at 3.1 mm have an outer diameter of 600 mm). The high-
order bandgaps are periodically spaced in frequency, as expected for
such a photonic crystal structure. The fibre having a fundamental
bandgap at 3.1 mm has a fourth-order bandgap at 775 nm
(measured using a StellarNet EPP2000 spectrometer); this output
from the hollow fibre core is imaged in Fig. 3 inset. Broadband light
from a quartz–tungsten–halogen lamp was coupled into the 275-
mm-diameter hollow core of the fibre shown in Fig. 3. Owing to the
proximity of this wavelength to the electronic band edge of the
As2Se3 glass, extra precautions were needed to reduce transmission
due to glancing angle specular reflection. By placing multiple bends
in the fibre, light transmitted owing to this effect was dramatically

Figure 2 Photonic band structure due to the dielectric mirror, and the resulting

transmission spectra for the hollow fibre. Upper panel, calculated photonic band structure

associated with the dielectric mirror lining of the hollow fibre. Modes propagating through

air and reflected by the fibre walls lie in the bandgaps (white) and within the light cone

defined by the glancing-angle condition (black line). The grey regions represent modes

radiating through the mirror. The fundamental bandgap has the widest range-to-

midrange ratio, with a region of omnidirectional reflectivity highlighted in blue. Lower

panel, comparison of transmission spectra for two different hollow fibres of ,30 cm

length having similar structure but scaled photonic crystal (multilayer) period dimensions.

The spectrum in blue is from a fibre with a fundamental photonic bandgap at 3.55 mm; the

red spectrum is from a fibre where the corresponding bandgap is at 3.1 mm. High-order

bandgaps (indicated by arrows) are periodically spaced in frequency.

Figure 3 Visible to near-infrared transmission spectrum and charge-coupled device

(CCD) image (inset) of light emerging from core of hollow fibre that has a fundamental

bandgap at 3.1 mm. This fibre was ,25 cm long and bent multiple times. Imaged light is

confined to the hollow core by the fourth-order photonic bandgap.
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decreased. In short fibres (,30 cm), shallow bending was not found
to greatly reduce transmission in the fundamental photonic band-
gap, though bending losses in the high-order bandgaps are much
greater. This should be expected, because the fundamental gap
exhibits omnidirectional reflectivity while the high-order gaps
do not. In order to qualitatively test the limits of this behaviour, a
,30-cm fibre having a bandgap at 3.55 mm was looped into a small
‘knot’ consisting of multiple bends (Fig. 4). Approximately 40% of
the light in the fundamental bandgap was transmitted through this
fibre when compared to the straight fibre, while the light guided in
the high-order gaps was attenuated much more strongly. Hollow
fibres with bandgaps near 3 mm are of interest for the transmission
of high-energy Er:YAG laser radiation.

The wavelength scalability of our fibres was further demonstrated
by the fabrication of hollow fibres designed for the transmission of
10.6-mm electromagnetic radiation. This not only shows that these
structures can be made to guide light at extremely disparate
wavelengths, but that specific bandgap wavelengths can be accu-
rately targeted during fabrication and fibre drawing. Powerful and
efficient CO2 lasers are available that emit at 10.6 mm, and are used
in such applications as laser surgery and materials processing, but
waveguides operating at this wavelength have remained limited in
length or loss levels12,18. Using the fabrication techniques outlined
above, we produced fibres having hollow core diameters of 700–
750 mm and outer diameters of 1,300–1,400 mm, with a fundamental
photonic bandgap spanning the 10–11 mm wavelength regime,
centred near 10.6 mm. Figure 5 depicts a typical FTIR transmission
spectrum for these fibres, measured using ,30-cm-long straight
fibres.

In order to quantify the transmission losses in these 10.6-mm-
bandgap hollow fibres, fibre cutback measurements were per-
formed. This involved the comparison of transmitted intensity
through ,4 m of straight fibre with the intensity of transmission
through the same section of fibre cut to shorter lengths (Fig. 5 inset).
This test was performed on multiple sections of fibre, and the results
found to be nearly identical for the different sections tested. The
measurements were performed using a 25 W CO2 laser (GEM-25,
Coherent-DEOS) and high-power detectors (Newport 818T-10).
The fibre was held straight; it was fixed at both ends, as well as at
points near the middle to prevent variations in the input coupling
and propagation conditions during fibre cutting. The laser beam
was sent through focusing lenses as well as 500-mm-diameter pin-
hole apertures, and the input end face of the fibre was coated with a
metal film to prevent accidental laser damage from misalignment
(see Supplementary Information for further measurement details).

The transmission losses in the fundamental bandgap at 10.6 mm
were measured to be 0.95 dB m21, as shown in the inset of Fig. 5,
with an estimated measurement uncertainty of 0.15 dB m21. These
loss measurements are comparable to some of the best reported loss
values for other types of waveguides operating at 10.6 mm (refs 12,
29). A bending analysis for fibres with a bandgap centred at 10.6 mm
revealed bending losses below 1.5 dB for 908 bends with bending radii
from 4 to 10 cm (see Supplementary Information for further discus-
sion of bending losses as well as modal considerations). We expect
that these loss levels could be lowered even further by increasing the
number of layers, through optimization of the layer thickness ratios
and by creating a cylindrically symmetric multilayer fibre with no
inner seam (present here because of the ‘rolling’ fabrication
method). In addition, using a polymer with lower intrinsic losses
should greatly improve the transmission characteristics.

One reasonable figure of merit for optical transmission losses
through hollow all-dielectric photonic bandgap fibres is a compari-
son of the hollow fibre losses to the intrinsic losses of the materials
used to make the fibre. As2Se3 has been explored as an infrared-
transmitting material, yet the losses at 10.6 mm reported in the
literature are ,7 dB m21 for highly purified material, and more
typically are greater than 10 dB m21 for commercially available
materials such as those used in our fabrication29. Based on FTIR
transmission and spectroscopic ellipsometer measurements that
we have performed on PES, the optical losses associated with
propagation through solid PES should be greater than
100,000 dB m21 at 10.6 mm. This demonstrates that guiding light
through air in our hollow bandgap fibres leads to waveguide losses
that are orders of magnitude lower than the intrinsic fibre material
losses, which has been one of the primary goals of research into
hollow photonic bandgap fibres. These comparatively low losses are
made possible by the very short penetration depths of electromag-
netic waves in the high-refractive-index-contrast photonic crystal
structure, allowing these materials to be used at wavelengths that
may have been thought improbable18.

Another long-standing motivation of infrared fibre research has
been the transmission of high-power laser light11,19. As a qualitative
demonstration of the potential of our fibres for such applications,
both straight and smoothly bent fibres of lengths 0.3 to 2.5 m were
used to transmit sufficient CO2 laser energy to burn holes in paper
and a film of PES (the fibre majority component). This demon-
strates the substantial reduction of fibre transmission loss relative to
the intrinsic materials loss of the constituents (see Supplementary
Information). The maximum laser power density coupled into our
fibres in these trials was approximately 300 W cm22. No damage to

Figure 4 Transmission spectra for straight (blue) and ‘knotted’ (red) hollow fibre having a

fundamental bandgap at 3.55 mm. The fibre knot consisted of multiple bends and the knot

had a radius of ,1 cm (see inset). Approximately 40% of the light in the fundamental

bandgap was transmitted through this highly perturbed fibre, whereas the high-order

bandgap at 1.7 mm has much greater bending losses.

Figure 5 Typical transmission spectrum of hollow fibres designed to transmit CO2 laser

light. The fundamental photonic bandgap is centred near a wavelength of 10.6 mm, and

the second-order gap is at ,5 mm. Inset, log(transmitted power) versus length of fibre.

The slope of this graph is the loss in dB m21. The measured fibre has a hollow core

diameter of 700 mm.
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the fibres was observed when the laser beam was properly coupled
into the hollow fibre core. These results indicate the feasibility of
using hollow multilayer photonic bandgap fibres as a low-loss
wavelength-scalable transmission medium for high-power laser
light. A
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Glass formation is usually viewed in terms of physical vitrifica-
tion: a liquid in a metastable state1 is cooled or compressed so as
to avoid crystallization. However, glasses may also be formed by
chemical vitrification, a process involving progressive poly-
merization of the constituent molecules via the formation of
irreversible chemical bonds. The formation of most of the
materials used in engineering plastics and the hardening of
natural and synthetic resins are based on chemical vitrification.
Despite the differences in the molecular processes involved in
chemical and physical vitrification, surprising similarities2–9 are
observed in the slowing down of the dynamics and in the
thermodynamical properties of the resulting glasses. Explaining
such similarities would improve general understanding of the
glass transition and may disclose its universal nature. Here we
report dielectric and photon-correlation measurements that
reveal the origin of the similarity in the dynamical behaviour
of physical and chemical glass formers. We find that the evolution
of their configurational restrictions proceeds in a similar manner.
In particular, we make a connection between the reduction in
configurational entropy and the number of chemical bonds, a
quantity that can be controlled in experiments.

The polymerization of liquid monomers is an irreversible process
that modifies molecular motions in reacting systems in a manner
that closely resembles the reversible effect of reducing temperature
or increasing pressure in chemically stable glass-forming liquids,
and ultimately leads to a ‘jammed’ structure. However, glass science
has mainly focused on glasses obtained following changes of
temperature and pressure, called here the ‘physical’ glasses. No
comparable effort has been made to clarify how microscopic
processes of a chemical nature can result in a similar state of matter.
In principle, there exists the possibility that physical and chemical
vitrification have nothing in common apart from the final state. We
show here that this is not the case.

In physical glasses, the dynamics of liquids approaching the glass
transition strongly reflect the underlying thermodynamics of the
liquid state. One way of rationalizing this qualitative notion is in
terms of the Adam–Gibbs theory10, establishing a link between the
structural relaxation time t (a dynamic quantity) and the config-
urational entropy Sc (a thermodynamic quantity) of a liquid, in the
form

t¼ t0 expðC=TScÞ ð1Þ

with t0 and C nearly constant. The fundamental outcome as given
by equation (1) appears to be preserved by modern treatments11 of
entropy-based theories. Indeed, the extent to which results of
experimental studies performed by varying temperature12 and
pressure13,14 agree with equation (1) is surprising; results of com-
puter simulations performed at different temperatures and den-
sities15,16 on model glass formers similarly agree with equation (1).
This agreement goes beyond what would be expected from a naı̈ve
model, as any entropy theory seems to be. It is now our aim to show
that chemical vitrification shares with physical vitrification the same
fundamental interpretation.
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