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We report the photonic bandgap engineering of Bragg fibers by controlling the thickness profile of
the fiber during the thermal drawing. Conical hollow core Bragg fibers were produced by thermal
drawing under a rapidly alternating load, which was applied by introducing steep changes to the
fiber drawing speed. In conventional cylindrical Bragg fibers, light is guided by omnidirectional
reflections from interior dielectric mirrors with a single quarter wave stack period. In conical fibers,
the diameter reduction introduced a gradient of the quarter wave stack period along the length of
the fiber. Therefore, the light guided within the fiber encountered slightly smaller dielectric layer
thicknesses at each reflection, resulting in a progressive blueshift of the reflectance spectrum. As
the reflectance spectrum shifts, longer wavelengths of the initial bandgap cease to be
omnidirectionally reflected and exit through the cladding, which narrows the photonic bandgap. A
narrow transmission bandwidth is particularly desirable in hollow waveguide mid-infrared sensing
schemes, where broadband light is coupled to the fiber and the analyte vapor is introduced into the
hollow core to measure infrared absorption. We carried out sensing simulations using the absorp-
tion spectrum of isopropyl alcohol vapor to demonstrate the importance of narrow bandgap fibers
in chemical sensing applications. © 20714 AIP Publishing LLC.
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Bragg fibers guide electromagnetic waves using interior
dielectric mirrors that enclose the fiber core. Dielectric mir-
rors, periodically layered materials of different refractive
indices, can exhibit omnidirectional reflection at certain
bandgaps determined by their layer structure, i.e., by the
thicknesses and refractive indices of their material compo-
nents. Reflection from a dielectric mirror displays similar
properties to the diffraction of X-rays from crystal planes,
and is therefore called Bragg reflection.' The concept of uti-
lizing Bragg reflection in cylindrical waveguides was intro-
duced as early as the late seventies,” and first Bragg fibers
were produced in the early 2000s.” In these fibers, a hollow
core is surrounded by alternating layers of a high refractive
index chalcogenide glass and a low refractive index polymer.
The hollow cores and large photonic bandgaps of Bragg
fibers provide a new opportunity for the transmission of light
from high intensity sources, such as CO, lasers.” Bragg
fibers are currently under commercial use in minimally inva-
sive laser surgeries.*”

More recently, advantages of using Bragg fibers for
chemical sensing applications were realized. The ability to
transmit high intensity light, combined with the increased op-
tical path lengths and very small volumes of hollow fiber
cores, makes these fibers suitable for trace gas sensing appli-
cations.® Current approaches for Bragg fiber-mediated chemi-
cal detection are based on a variety of mechanisms, such as
measuring the infrared absorption of the analyte with a laser
source at a specific wavelength,” quantifying refractive index
changes by measuring shifts in the bandgap of the fiber,*'°
or placing a chemiluminescent material at the hollow core of
the fiber.'" In our previous studies, we developed an artificial
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nose concept utilizing hollow core Bragg fibers as an infrared
filter, as well as a gas chamber and a waveguide.'*™'* In this
scheme, light from a blackbody source is coupled to the fiber,
and its transmitted total intensity is measured with an infrared
detector. If there is an overlap between an absorption band of
the analyte and the bandgap of the fiber, the transmission is
quenched, and this indicates the presence of the analyte.
Using an array which consists of fibers with bandgaps at dif-
ferent regions of the mid-infrared allows the targeting of spe-
cific absorption bands. The combined response of the fibers
enables the selective sensing of analytes using an ordinary
blackbody source and an infrared detector. As Bragg fibers
were primarily developed for infrared light delivery, recent
research has focused on mitigating loss in the infrared region
by the enlargement of the omnidirectional bandgap.'>™"’
However, typical Bragg fibers with large bandgaps in the
mid-infrared region are often responsive to multiple analytes,
which may hinder the selectivity of the fiber array.'*'*
Additionally, when the bandgap of the fiber is wide, light is
transmitted at the redundant parts of the bandgap, where the
transmission is not quenched even after the analyte is intro-
duced to the hollow core of the fiber. This effect weakens the
response of the fiber to the analyte. Therefore, Bragg fibers
with narrow bandgaps are favorable for chemical sensing and
artificial olfaction in terms of improved selectivity and fiber
response.

Here, we report the narrowing of the photonic bandgap in
conically fabricated Bragg fibers. Conical fibers were pro-
duced by thermal drawing under a rapidly alternating load
(Figs. 1(a) and 1(b)). A polymer chalcogenide composite pre-
form with alternating layers of arsenic triselenide (As,Ses)
and polyether sulphone (PES) was fabricated with conven-
tional methods.*'* The preform was fed in to the fiber tower

© 2014 AIP Publishing LLC
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FIG. 1. (a) Thermal drawing of conical hollow core Bragg fibers. The pre-
form is fed into the tower furnace (at 298 °C) with a constant down feed
speed v;. The macroscopic structure of the preform is scaled down to the
micro scale by adjusting the capstan speed (i.e., the drawing speed) v.. (b)
Steep changes in the capstan speed v, result in the formation of node struc-
tures on the fiber and create conical hollow core Bragg fibers at both ends of
the node. (c) A conical fiber with a 40% diameter reduction; the diameter at
the base of the conical fiber is 3 mm, whereas the diameter at the tip of cone
is 1.8 mm.

furnace at 298 °C with a constant down feed speed v; of
& mm/min under constant load, and scaled down to a diameter
of approximately 1.7 mm, where a photonic bandgap range of
about 12 um was reached. At this point, the load on the fiber
was changed steeply (in the range of 0.1 to 0.6 kg) by chang-
ing the capstan speed (i.e., draw speed) v, (Fig. 1(b)). As v,
decreased, the load on the fiber decreased and the fiber diame-
ter increased gradually. Next, v, was increased again with a
milder slope to avoid breaking the fiber, and the fiber diame-
ter decreased accordingly. These steep changes in load estab-
lished a node structure on the fiber. Conical fibers were
obtained by cutting the node structures in half (Fig. 1(c)).
Multiple succeeding nodes with controlled thicknesses can be
introduced to the fiber; therefore, conical Bragg fibers with
desired lengths and diameter reduction percentages can be
produced. A conical fiber with a diameter reduction of 40% is
shown in Figure 1(c).

Figure 2 shows the gradual narrowing of the bandgap as
light is guided along the conical fiber. The transmission
spectrum of a 235 mm conical fiber was compared to trans-
mission spectra measured after segments of certain lengths
were cut from the fiber. Four segments cut from a conical
fiber and their respective dielectric mirror structures are
shown in Figure 2(a). Cross sectional samples from each seg-
ment were examined with a scanning electron microscope
(SEM) to analyze their dielectric layer thicknesses. A multi-
layer period gradient starting from A; = 2.82 um and ending
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at Ay = 2.50 um was established on a 235mm long fiber,
which corresponds to a decrease of approximately 11% in
dielectric layer thicknesses (Fig. 2(a)). Transmission spectra
taken after cutting each segment from the thin end of the
fiber are shown in Figure 2(b). For the experiments, infrared
light from the broadband source of a Fourier transform infra-
red (FTIR) system was coupled to the fiber, and the transmis-
sion spectrum was measured with the externally used
DLATGS (deuterated L-alanine-doped triglycine sulfate) de-
tector of the FTIR system. In the first column of Figure 2(b),
the transmission spectrum taken from a 50 mm length of
fiber after all three pieces were cut from the conical fiber is
shown in red spectrum. The top curve in Fig. 2(b) shows the
transmission of PES, and the quenching of the photonic
bandgap at around 850 cm ™" is due to the absorption of the
polymer. It should be noted that the absorption of polymer
layers at mid-infrared region can be avoided with an all-
chalcogenide multilayer structure, but an all-chalcogenide
Bragg fiber is yet to be fabricated.'® The second column
shows the transmission spectrum of a 90 mm length of fiber
taken after cutting two pieces. Similar spectra are given for
the third (one segment removed) and fourth (no segments
removed) columns. In the spectrum taken from the whole
length of the fiber (4th column of Figure 2(b)), the bandgap
of the fiber was narrowed to approximately half of the initial
bandwidth.

To explain the principles underlying the bandgap nar-
rowing in conical fibers, we carried out simulations of reflec-
tion from two dielectric mirror structures with slightly
different multilayer periods and consecutive reflections from
both of the structures (Fig. 3(a)). Implemented codes solve
the reflectance of the periodic multilayer structures analyti-
cally for transverse electric (TE) and transverse magnetic
(TM) polarizations using the transfer matrix method
(TMM).! Averages of TE and TM mode transmissions were
taken to calculate the overall fiber transmission in all simula-
tions. Figure 3(a) shows the reflectance spectra of two dielec-
tric mirror structures (initial and final) with multilayer
periods of A;=2.6um and Ay =2.3um, respectively,
where multilayer periods are approximately 11% different.
The reflectance spectrum generated by consecutive reflec-
tions from the initial and final dielectric mirror structures
was also simulated using TMM and is shown in green. In the
case of consecutive reflections, only wavelengths reflected
from both structures remain and the allowed photonic
bandgap is at the overlap of reflectances of the initial and
final structures. In Figure 3(a), only the case of normal angle
of incidence was studied and material absorptions were not
taken into account for clarity. Figure 3(b) shows the allowed
omnidirectional bands along the conical fiber as a function
of diameter reduction percentage. For simulating the
bandgap narrowing along the conical fiber, consecutive
reflections from linearly decreasing multilayer periods were
calculated with TMM. Omnidirectional reflection bands
were obtained by taking the average of intensities for each
angle of incidence. The gradual reduction of diameter intro-
duced a gradient of interior dielectric layer thicknesses along
the conical fibers. As the multilayer period decreased along
the fiber, longer wavelengths of the initial bandgap were no
longer omnidirectionally reflected and exit through the
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FIG. 2. (a) Segments of a conical hol-
low core Bragg fiber and scanning
electron micrographs of their respec-
235 tive dielectric mirror structures. The
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dielectric mirror period decreases grad-
vally from A} =2.82um to
A4 =2.5um along the 235mm fiber
(scale bar: 5pm). (b) Transmission
spectra taken after cutting each seg-
ment off the fiber. The spectrum in the
first column is taken from a section
comprising 50mm of fiber from the
base of the cone, with a dielectric mir-
ror period A; =2.82um. The spec-
trum in the second column is taken
from a section comprising a 90 mm
length of fiber with a dielectric mirror
period gradient of A; =2.82um to
Ay =2.79 um. Spectra in the third and
fourth columns were taken from sec-
tions of 140 and 235 mm, respectively.
The purple spectrum is the transmis-
sion of polyether sulphone.
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FIG. 3. (a) Transfer matrix method simulations for reflections from two
dielectric mirror structures (initial and final) with dielectric mirror periods of
Ai = 2.6 um (red line) and Ay = 2.3 um (blue line), and successive reflec-
tions from initial and final structures (green line). (b) TMM simulation for
the narrowing of the photonic bandgap in conical Bragg fibers as a function
of diameter reduction percentage. White dashed line marks a diameter
reduction percentage of 11%, matching the fibers characterized in Figure 2.
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cladding. The fundamental band (centered at around 12 um)
is narrowed as the light is guided along the conical fiber.
Higher order bands narrow in a similar fashion and disappear
after diameter reductions of 5%, 7%, and 17% for 4th order,
3rd order and 2nd order photonic bandgaps, respectively.
The fundamental band also virtually vanishes at a diameter
reduction of around 22%, where the initial multilayer struc-
ture reflectance at the base of the fiber no longer overlaps
with the reflectance at the tip. White dashed line marks 11%
diameter reduction, a more than twofold narrowing in the
omnidirectional band is seen which agrees with the measure-
ments shown in Figure 2(b).

To further verify the proposed narrowing mechanism,
we took transmission measurements from two standard (con-
ventional cylindrical) Bragg fibers and one conical fiber. The
diameters of the two standard fibers were chosen so that they
exactly match with the two ends of the conical fiber, and all
three fibers were 260 mm in length. Normalized transmission
spectra of the fibers are shown in Figure 4(a). One of the
standard fibers had a layer period of about 2.8 um, and the
other had a layer period of 2.3 um. The conical fiber had a
layer period gradient ranging between these two values
(2.8 um to 2.3 um) along its length. The transmission spec-
trum of the conical fiber is at the overlap of the two standard
fibers’ transmission bands, as suggested by the simulations
in Figure 3. Additionally, the 2nd order bands of the thick
and thin standard fibers are observable at around 2750 cm ™'
and 3250 cm ™', respectively, but the conical fiber has no 2nd
order band, which was also predicted through the simula-
tions. Layer thicknesses of the standard fibers were measured
as d; = 1.11 um, and d, = 1.71 um for As,Se; and PES,
respectively, for the thick fiber; and d; = 0.93 um, and d, =
1.38 um for the thin fiber. Simulations carried out with these
multilayer parameters, which also take angle dependency of
reflections and dielectric material absorptions into account,
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FIG. 4. (a) Measured transmission spectra of two standard Bragg fibers: one
with a large diameter (blue line) and the other with a smaller diameter (red
line), and a conical Bragg fiber. The conical fiber has a dielectric mirror pe-
riod gradient between the dielectric mirror periods of the thick and thin
standard fibers (A; = 2.8um to Ay = 2.3 um). The transmission spectrum of
the conical fiber is at the overlap of the two standard fibers. In addition, the
2nd order band is absent in the conical fiber, though it exists at wavenumbers
around 2750 cm™ ! and 3250 cm ™! for standard fibers. (b) Simulations for the
thick standard fiber (upper part) and conical fiber (lower part) that take angle
dependency of reflections and material absorptions into account.

are shown in Figure 4(b). The upper part of the figure shows
the angle dependent photonic bandgap of the thick standard
fiber, and the lower part shows that of the conical fiber. The
photonic bandgap of the conical fiber was obtained by simu-
lating the consecutive reflections from the multilayer struc-
tures of the thick and thin standard fibers with TMM. It
should be noted that this approach does not take account for
the effect of fiber thickness profile on the bandgap. A more
precise calculation of the bandgap requires the use of more
rigorous models that take fiber geometry into account.'® The
fundamental photonic band is significantly narrowed for all
angles of incidences in the conical fiber, and higher order
bands also tend to disappear accordingly.

We studied the sensing performance of conical fibers
using isopropyl alcohol (IPA) detection simulations. The
measured absorption spectrum of IPA vapor was used to cal-
culate the response of fibers as a function of diameter reduc-
tion percentage along the fiber. Transmission spectra of
conical fibers with diameter reduction percentages ranging
from 0% to 24% were simulated using TMM, and the
response of each fiber was calculated as ((Ip —I)/I) * 100,
where [ is the total transmitted intensity in the absence of
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FIG. 5. Simulated responses of standard and conical hollow core Bragg
fibers to isopropyl alcohol vapor. (a) Transmission of the standard and coni-
cal fibers before (dashed line) and after (solid line) the introduction of IPA.
The purple line is the transmission spectrum of IPA vapor. Transmission is
strongly quenched after the introduction of the analyte for the conical fiber,
whereas quenching is weak for the standard fiber due to the wide transmis-
sion band. (c) Fiber response; ((Iy —1)/Iy) * 100, as a function of diameter
reduction percentage, where Iy is the total transmitted intensity before ana-
lyte introduction and / is the intensity after analyte introduction. There is an
exponential increase of fiber response with decreasing cone diameters.

the analyte and [ is the intensity following analyte introduc-
tion. Figure 5(a) shows representative transmission spectra
of a standard fiber without diameter reduction and a conical
fiber with a diameter reduction of about 24%, before and af-
ter the introduction of the analyte. The transmission of the
fibers was quenched at wavenumbers around 975 cmfl,
where the absorption band of IPA was overlapped with the
photonic bandgap of the fibers. The quenching in the conical
fiber is much more pronounced, as a large part of the wide
bandgap of the standard fiber is redundant, i.e., light is trans-
mitted at this region even in the presence of IPA. Figure 5(b)
compares the responses of fibers with different degrees of
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conicality. The response of the fibers increases exponentially
with increasing diameter reduction percentages. The funda-
mental band of the conical fibers vanishes completely for di-
ameter reduction percentages larger than 24%. It should also
be noted that wide bandgaps and higher order bands may
respond to chemicals other than the intended analyte and
result in non-selective detection.'*'* Therefore, the ability to
tune the width of the fundamental band and to eliminate
undesired higher order bands in hollow core photonic
bandgap fibers is advantageous for high-selectivity chemical
sensing efforts.

In conclusion, we engineered the bandgap of Bragg
fibers by introducing a gradient of interior dielectric mirror
layer thicknesses throughout the fiber. The gradual change of
the dielectric multilayer period along the length of the fiber
was established in conical Bragg fibers, which were pro-
duced by altering the load on the fiber rapidly during thermal
drawing. The fundamental photonic bandgap was narrowed
around twofold, and higher order bands were eliminated in
conical Bragg fibers with a diameter reduction of 11%. The
principles underlying the bandgap narrowing phenomenon
were explained by employing TMM to simulate reflectance
spectra from successive dielectric mirrors with gradually
changing layer periods. Due to the interior multilayer period
gradient of the conical fiber, the light guided within the
structure encountered dielectric mirrors with slightly shifted
reflection bands at each reflection point, and the photonic
bandgap narrowed with each reflection. The photonic
bandgap of the conical fiber was therefore in the overlap of
dielectric mirror reflectance spectra at both extremes of the
gradient. We expect the proposed method to provide addi-
tional flexibility in the design of Bragg fibers and a better
performance in trace gas sensing or artificial nose technolo-
gies that utilize hollow core photonic bandgap fibers. Lastly,
the same principles can be employed for the introduction of
structure gradients in other types of fibers, which could lead
to the emergence of interesting fiber characteristics.
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