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We study the measurand-induced spectral shift of the photonic bandgap edge of a hollow-core photonic
crystal fiber. The physical measurands considered are strain, temperature, curvature, and twist. A
noticeable sensitivity to strain, temperature, and twist is observed, with a blueshift to increase strain
and twist. An increase in temperature induces a redshift. On the other hand, curvature has no observable
effect on the spectral position of the photonic bandgap edge. © 2010 Optical Society of America
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1. Introduction

The guidance property of hollow core (HC) photonic
crystal fibers (PCFs) is dictated by a periodic struc-
ture layout in the fiber cladding that induces a pho-
tonic bandgap (PBG) behavior. The cladding of the
fiber acts as a periodic crystal that forbids propaga-
tion of light in specific wavelength ranges. Light with
wavelengths in these bandgaps can be confined in-
side the air core and propagates along it [1]. The
air core of these fibers is formed by removing a cer-
tain number of central capillaries from the stacked
preform.

The development of sensors based on HC PCF is a
recent and active research topic in the context of fiber
optic sensing. Particularly relevant is the application
of these fibers for gas sensing in the face of the large
overlap of the optical field with the measurement
volume [2,3], but other measurands have also been
considered, for example, curvature [4] and strain and
temperature [5] as well as humidity [6]. Recently, an
acoustic hydrostatic pressure sensor based on HC
PCF was reported and the sensitivity of the sensor
has been compared with others based on conven-
tional single-mode fibers (SMFs) [7]. In general,
the potential of these fibers for sensing is substan-
tial, and it would certainly be strengthened with
new approaches to detect the measurand interaction
with the fiber.
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The PBG property of HC PCF is a function of the
refractive-index contrast in the fiber cross section as
well as of its geometry. Studying the PBG shift when
the refractive-index contrast changes has been done
using the scaling law technique [8,9]. This strategy is
similar to the well-known and widely used scaling
laws that describe the shift in the bandgap when
the size scale of the fiber is altered [10], following
the well-known length scale law discussed in depth
by Joannopoulos et al.[11]. Using the scalar-wave ap-
proximation, simple index scaling laws have been
derived [9] that predict the way the photonic states
of the fiber scale with changes in the refractive-index
contrast. Furthermore, scaling laws can be useful in
other fields of fiber technology [10]. Recently, there
has been increased interest in bandgap fibers made
from materials other than silica and air, which are
the materials of most common HC PCFs. For exam-
ple, high-index glasses can be used for guidance in
the infrared region of the spectrum [12], whereas
tunable fiber devices can be made by filling the holes
of a photonic crystal fiber with liquid crystals [13,14].
All these applications require fibers of different in-
dex contrasts between the high and the low refrac-
tive-index regions of the photonic crystal cladding
of the fiber. We have characterized the spectral shift
of the PBG edge of a HC PCF induced by physical
measurands such as strain, temperature, curvature,
and twist.

2. Principle of Operation

To characterize themeasurand-induced spectral shift
of the PBG edge, a piece of HC PCF was spliced di-
rectly between two lengths of SMF. For this purpose
we considered a bandgap fiber that was designed and
fabricated at the University of Bath.. The bandgap of
this fiber, shown in Fig. 1(a), is a seven-cell HC PCF
with a core diameter of ∼15 μm and an outside diam-

eter of∼125 μm[Fig. 1(b)], with a PBGedge at shorter
wavelengths around 1540nm.

It has been observed that the loss pattern of PBG
fibers in the PBG edge region is a function of the fiber
length, particularly when small lengths are consid-
ered, i.e., after light propagation along 100–200m
of PCF the spectral features of the bandgap essen-
tially stabilize. This process involves the shift of
the low-wavelength edge to longer wavelengths (to-
gether with the disappearance of spectral transmis-
sion oscillations located to the left of the bandgap),
and the shift of the high-wavelength edge to lower
wavelengths [15]. Therefore, we observed a bandgap
spectrum narrowing with a longer fiber length.
Studies indicate that this effect in the bandgap
low-wavelength region is dominated by the loss via
coupling to fiber surface modes [16]. The mechanism
by which light is leaked out can be either by intrinsic
loss of the surface mode or by coupling of the latter to
a continuum of leaky modes. On the long-wavelength
side of the bandgap, the shift of the edge is owed to
the fact that the fundamental mode is no longer
supported and higher-order modes propagate, which
show higher losses and therefore disappear after
some propagation length, which permits the appear-
ance of an effective bandgap edge.

Focusing on the wavelength region close to the low-
wavelength edge of the bandgap, coupling to fiber
surface modes in practical HC PCF is promoted by
tunneling mechanisms [17]. The light in this region
is less well confined and, therefore, it is natural to
deduce that the action on fiber of some physical para-
meters should accompany a relatively strong loss in
fiber. The motivation for our research was to verify
this hypothesis and to quantify the effect of physical
measurands on fiber. Indeed, some previous results
already pointed out this path [8–10]. As indicated
above, the description of a PBG edge shift that is
due to changes in the refractive-ndex contrast of

Fig. 1. (Color online) (a) Transmission spectrum of the bandgap fiber considered for characterization of measurand-induced effects on the
PBG edge and (b) optical microscope image of the cross section of the selected fiber.
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HC PCF is simply evaluated by using the refractive-
index scaling law, which is based on the scalar wave-
guide approximation [9,10]. Based on these findings,
Antonopoulos and co-workers reported an experi-
mental demonstration of the frequency shift of the
PBG edge that is due to refractive-index scaling
using D2O-filled HC PCFs [10]. Also, Sun and Chan
[8] reported the use of PBG fibers as a refractive-
index sensor and described its behavior based again
on refractive-index scaling laws. In general, it can be
expected that some physical measurands can change
the PBG property of HC PCF due to changes in
refractive-index contrast and geometric effects,
therefore inducing a PBG spectral shift.

3. Experimental Setup

The experimental setup is shown in Fig. 2. The light
source used was an Er-doped fiber with amplified
spontaneous emission, central wavelength, and full
width at half-maximum of 1:8mW, 1550nm, and
60nm, respectively. The output transmission spec-
trum was observed with an optical spectrum analy-
zer (OSA). By means of a conventional fusion splicer
(Fujikura SM40), the HC PCF was spliced at both
ends to SMFs. All the splicing was done manually,
and the optimum parameters were obtained after
some attempts to achieve minimum fusion loss. This
resulted in 0 bit (bit is Fujikura’s internal unit that is
used for arc current) and 400ms for the power and
arc time duration, respectively, and a typical splice
loss of 1:5dB. The length of the HC fiber was∼28 cm.
To investigate the strain effect on the spectral po-

sition of the bandgap edge, two micropositioners
were used to fix the SMF fibers and to apply strain.
With regard to the effect of temperature, the HC PCF
was placed inside a vessel of heated water and the
measurements were taken during the cooling period.

To apply torsion to the HC PCF, one of the holding
stages could be rotated while the other was station-
ary. By moving longitudinally one holder relative to
the other, curvature could also be applied to the
HC PCF.

4. Results and Discussion

When strain is applied to the HC PCF, we observed a
spectral shift of the PBG, as indicated in Fig. 3, which
shows the shift of the PBG edge [Fig. 3(a)], the var-
iation of the transmission in one wavelength in the
edge located approximately at the middle of the edge
[Fig. 3(b)], and the transmission at a wavelength lo-
cated in the PBG passband [Fig. 3(c)]. These results
indicate a blueshift of the PBG edge with the in-
crease of strain (slope of approximately −0:7pm=με).
For wavelengths located approximately in themiddle
of the edge, Fig. 3(b) shows that the loss dependence
on a logarithmic scale with strain associated with
the PBG edge shift is fairly linear, with a slope of
−0:0018 dB=με. As expected, within the passband
of the bandgap, the transmission is independent of
applied strain.

Figure 4 shows the results relative to variations of
temperature [Fig. 4(a), edge shift; Fig. 4(b), transmis-
sion at approximately the middle of the edge]. Differ-
ent from what happens in the case of strain, now a
temperature increase results in a redshift of the
PBG edge with a slope of ∼29nm=°C. The results ob-
tained when curvature was applied to the HC PCF
are shown in Fig. 5. It is clear that this parameter
does not affect the PBG. Figure 6 shows data relative
to the application of twist to the HC PCF. A redshift
was observed at the PBG edge that was fairly sym-
metric considering the clockwise or counterclockwise
twist orientations.

Fig. 2. Experimental setup for the characterization of the measurand-induced shift of the edge of the spectral bandgap; also shown is the
configuration that was used to apply torsion and curvature to the HC PCF.
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The PBG process is a complex phenomenon, and
the interpretation of the changes induced in the fiber
transmission by strain, temperature, and twist re-
quires a theoretical study of the problem and its com-
putational simulation. However, the results obtained
indicate that the measurand-induced shift of the
PBG edge of hollow-core fibers can be used as the
basis for sensing configurations supported by this
type of fiber. Figure 1(a) shows that the edge slope
can be large, which is favorable for high sensitivity
readout. Compensation for optical power fluctua-
tions can be obtained if we take into consideration

a second wavelength in the PBG passband where
its transmission is essentially independent of the
measurand value.

Wehave presented results that show it is feasible to
apply HC PCFs as sensing elements based on the
measurand-induced PBG edge shift. But it is also fea-
sible to apply these fibers for optical demodulation of
signals coming from other sensing heads, where the
tunability of the PBG edge provides additional flex-
ibility. An example of this role is within the context
of fiber Bragg grating (FBG) interrogation [18,19]. In-
deed, when dealing with FBG sensors, the conversion
of the measurand-induced wavelength modulation
into an optical intensitymodulation can be performed

Fig. 3. (Color online) Effect of applied strain to the HC PCF on
(a) the spectral position of the PBG lower wavelength edge,
(b) the loss variation at wavelength 1509nm located in the PBG
edge, (c) the loss variation at wavelength 1525nm located in
the PBG passband region.

Fig. 4. (Color online) Effect of temperature variation on (a) the
spectral position of the PBG lower wavelength edge, (b) the loss
variation at wavelength 1508nm located in the PBG edge,
(c) the transmission versus temperature at wavelength 1525nm
located in the PBG passband region.
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when the light that returns from the FBG propagates
through a length of HC PCF located in the control re-
gion, with the tuning of the PBG edge to the optimum
sensitivity position achieved by application of strain
to this fiber. Certainly,many other possibilities can be
thought of, but themost relevant factor to point out is
the dual functionality of HC PCF, i.e., the freedom to
use this type of fiber as a sensing or a processing ele-
ment. This characteristic can be advantageous in sev-
eral fiber optic sensing applications, and a systematic
study of its potential is currently under way.

5. Conclusion

We have presented the measurand-induced spectral
shift of the photonic bandgap edge of a hollow-core
photonic crystal fiber. The physical measurands con-
sidered were strain, temperature, curvature, and
twist. To increase strain a blueshift was observed
in the spectral position of the PBG edge, whereas
a redshift appears for temperature and twist. Curva-
ture does not introduce a noticeable change in the
bandgap edge. These characteristics indicate the
feasibility of using this type of fiber for sensing as
well as for optical signal processing.

The authors acknowledge the research and devel-
opment environment provided by the Framework
Programe (FP6) Project, NextGenPCF of the Eur-
opean Union, IST 34918: Next Generation Photonic
Crystal Fibers.
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