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Photonic Crystal Fibre Interferometer
for Humidity Sensing

Jinesh Mathew, Yuliya Semenova and Gerald Farrell
Photonics Research Centre, Dublin Institute of Technology
Ireland

1. Introduction

Photonic crystal fibres (PCFs), which are also called microstructured optical fibres or holey
fibres, have been extensively investigated and have considerably altered the traditional fibre
optics since they appeared in the mid 1990s [Knight et al., 1996; Knight, 2003; Russell, 2003].
PCFs have a periodic array of microholes that run along the entire fibre length. They
typically have two kinds of cross sections: an air-silica cladding surrounding a solid silica
core or an air-silica cladding surrounding a hollow core. The light-guiding mechanism of
the former is provided by means of a modified total internal reflection (index guiding),
while the light-guiding mechanism of the latter is based on the photonic band gap effect
(PBG guiding). The number, size, shape, and the separation between the air-holes as well as
the air-hole arrangement are what confer PCFs unique guiding mechanism and modal
properties [Russell, 2006]. This gives PCF many unique properties such as single mode
operation over a wide wavelength range [Birks et al., 1997], very large mode area [Knight et
al., 1998], and unusual dispersion [Renversez et al., 2003]. Because of their freedom in design
and novel wave-guiding properties, PCFs have been used for a number of novel fibre-optic
devices and fibre-sensing applications that are difficult to be realized by the use of
conventional fibres.

While optical interferometers offer high resolution in metrology applications, the fibre optic
technology additionally offers many degrees of freedom and some advantages such as
stability, compactness, and absence of moving parts for the construction of interferometers.
The two commonly followed approaches to build fibre optic interferometer are: two arm
interferometer and modal interferometer. Two- arm interferometer involves splitting and
recombining two monochromatic optical beams that propagate in different fibres which
requires several meters of optical fibre and one or two couplers. Modal interferometer
exploits the relative phase displacement between two modes of the fibre. In modal
interferometers compared to their two-arm counterparts the susceptibility to environmental
fluctuations is reduced because the modes propagate in the same path or fibre. Recently the
unique properties of the photonic crystal fibre have attracted the sensor community. Design
of PCF based interferometers in particular is interesting owing to their proven high
sensitivity and wide range of applications. Photonic crystal fibre based modal
interferometers include PCFs in a fibre loop mirror [Zhao et al., 2004], interferometer built
with long period gratings [Lim et al., 2004], interferometers built with tapered PCFs
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160 Photonic Crystals — Introduction, Applications and Theory

[Monzén-Hernédndez et al.,, 2008], and interferometers fabricated via micro-hole collapse
[Choi et al., 2007; Villatoro et al., 2007a]. The latter technique is really simple since it only
involves cleaving and splicing. The different configurations reported so far are a PCF with
two collapsed regions separated by a few centimetres [Choi et al., 2007], a short section of a
PCF longitudinally sandwiched between standard single mode fibres by fusion splicing
(transmission type) [Villatoro et al., 2007] and a stub of PCF with cleaved end fusion spliced
at the distal end of a single mode fibre (reflection type) [Jha et al., 2008]. The advantage of
the last two configurations is that the modal properties of the PCF are exploited but the
interrogation is carried out with conventional optical fibres, thus leading to more cost-
effective interferometers. The interferometer with the latter configuration is demonstrated in
this chapter as a relative humidity or dew sensor. The sensor presented has the unique
advantages such as it does not require any special coatings to measure humidity. Also since
the sensor head is made of single material (silica) it can be used in harsh and high-
temperature environments to monitor humidity.

In section 2 of the chapter the operating principle of a reflection type photonic crystal fibre
interferometer (PCFI), its fabrication and the dependence of the interferometer’s fringe
spacing on the length of the PCF are presented. Section 3 explains the water vapor
adsorption/desorption phenomena on a silica surface, the working principle of a relative
humidity sensor based on PCF interferometer and the humidity response of the PCF
interferometer. Section 4 demonstrates the use of the PCFI as a dew sensor. The section
presents the basic sensing principle of the dew sensor, the temperature dependence and the
dew response of the PCF interferometer. A dew point hygrometer using PCF interferometer
is also proposed in this section.

2. Photonic crystal fibre interferometer

Photonic crystal fibre interferometers based on micro-hole collapse have attained great
importance in recent times due to the simple fabrication process involved and excellent
sensing performance [Villatoro et al., 2007, 2009a, 2009b]. A reflection-type PCFI consists of
a stub of PCF fusion spliced at the distal end of a single mode fibre [Mathew et al., 2010].
The key element of the device is the hole collapsed region close to the splice point. Some
advantages of the PCF interferometers fabricated using microhole collapse are that since
interferometers are fabricated by fusion splicing the splice is highly stable even at high
temperatures and also its characteristics will not degrade over time.

2.1 PCFI working principle

In a PCFI the excitation and recombination of modes can be carried out by the hole
collapsed region of the PCF [Choi et al., 2007; Villatoro et al., 2007]. A microscopic image of
the PCFI and a schematic of the excitation and recombination of modes in the PCFI are
shown in Fig. 1. The fundamental SMF mode begins to diffract when it enters the collapsed
section of the PCF. Because of diffraction, the mode broadens; depending on the modal
characteristics of the PCF and the hole collapsed region, the power in the input beam can be
coupled to the fundamental core mode and to higher order core modes [Villatoro et al., 2007,
2009b; Barrera et al., 2010] or to cladding modes [Cardenas-Sevilla et al., 2011; Choi et al.,
2007; Jha et al., 2008] of the PCF. The modes propagate through the PCF until they reach the
cleaved end from where they are reflected. Since the modes propagate at different phase
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velocities, thus in a certain length of PCF the modes accumulate a differential phase shift.
Therefore constructive or destructive interference occurs along the length of PCF. The phase
velocities and phase difference are also wavelength dependent; therefore the optical power
reflected by the device will be a maximum at certain wavelengths and minimum at others
[Villatoro et al., 2009b]. When the reflected modes re-enter the collapsed region they will
further diffract and because the mode field of the SMF is smaller, the core acts as a spatial
filter and picks up only a part of the resultant intensity distribution of the interference
pattern in the PCF.

Image of ﬁhe PCFI

Splice point

D Miwhoe
SMFE icro-hole
i« collapsed region P(iF

Excitation/recombination of modes

Fig. 1. Microscope image of the PCFI (upper) & a schematic of the excitation/recombination
of modes in the hole collapsed region (lower).

A regular interference pattern in the reflection spectrum of the PCFI suggests that only two
modes are interfering in the device. In our reported work [Mathew et al., 2010] on a PCFI
using LMA 10 fibre, based on the fact that higher order modes can exist in the core of a PCF
with a short length [Kacik et al., 2004; Uranus et al., 2010], the interfering modes in the PCF
are considered as two core modes. However in a later experiment, which involved varying
the refractive index surrounding the cladding of a PCFI, good ambient refractive index
sensitivity is observed for a PCFI fabricated using the same LMA 10 fibre. This suggests that
the interfering modes are a core mode and a cladding mode of the PCF, a conclusion that is
supported by [Choi et al., 2007, Cérdenas-Sevilla et al., 2011] for an LMA10 fibre. Thus
considering a core mode and a cladding mode as the interfering modes of the PCFI and
designating the effective refractive indexes of the core mode as n. and cladding mode as n,
the accumulated phase difference is 2nAn(2L)/A, where An=n.-nq, A the wavelength of the
optical source, and L the physical length of the PCFI [Villatoro et al., 2009a]. The power
reflection spectrum of this interferometer will be proportional to cos(4mAnL/\). The
wavelengths at which the reflection spectrum shows maxima are those that satisfy the
condition 4nAnL/A=2mm, with m being an integer. This means that a periodic constructive
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162 Photonic Crystals — Introduction, Applications and Theory

interference occurs when Am = (2AnL/m). If some external stimulus changes An (while L is
fixed) the position of each interference peak will change, a principle which allows the device
to be used for sensing.

2.2 PCFI fabrication

Fusion splicing of the PCF to the SMF is undertaken using the electric arc discharge of a
conventional arc fusion splicer. During the splicing process the voids of the PCF collapse
through surface tension within a microscopic region close to the splice point. In fabricating
such an interferometer, one critical condition for good sensor performance is achieving a
regular interference pattern and good interference fringe visibility. The visibility of the
interferometer depends on the power in the excited modes, which in turn depends on the
length of the collapsed region [Barrera et al., 2010]. However a long collapsed region length
causes activation of many cladding modes and therefore degrades the sinusoidal nature of
the interference patterns and furthermore increases the splice loss. Therefore for an
improved sensor performance, only one cladding mode is preferred due to its simple
interference with the core mode. The collapsed region length can be controlled by the arc
power and duration [Barrera et al., 2010]. In our experiments, PCF (LMA10, NKT Photonics)
designed for an endless single-mode operation was used. It has four layers of air holes
arranged in a hexagonal pattern around a solid silica core. The light guidance mechanism in
such a fibre is by means of modified total internal reflection. The dimensions of the LMA-10
PCF simplify alignment and splicing with the SMF with a standard splicing machine and
minimize the loss due to mode field diameter mismatch compared to other PCFs. For the
interferometer fabricated in our study the total length of the collapsed region was 200 pm.
After fusion splicing, the PCF was cleaved using a standard fibre cleaving machine so that
the end surface of the PCF acts as a reflecting surface.

2.3 PCFI fringe spacing vs length of PCF

Initially to investigate the influence of the length of the PCFI on the fringe spacing thirteen
PCFlIs were fabricated with lengths ranging from 3.5 mm to circa 100 mm. As an example
Fig. 2 shows the measured reflection spectra of three PCFIs in the 1500-1600 nm wavelength
range with lengths of 92, 10.5 and 3.5 mm. The reflection spectra of the interferometers
exhibit regular interference patterns with a period or fringe spacing inversely proportional
to the length of the PCF section. A modulation of the expected sinusoidal pattern is
observed for the spectra shown in Fig. 2, which might be due to the excitation of more than
one cladding mode or possibly due to the polarization dependence of the intermodal
interference [Bock et al., 2009]. Fig. 3 shows the measured fringe spacing or periods of the
fabricated PCFlIs as a function of length of the PCF section. The measured periods agree well
with the expected ones for a two-mode interferometer given by the expression P ~
A2/(2AnL). The value of An obtained based on the experimental data is ~4.2x10-3.

3. Relative humidity sensor based on PCFI

Humidity refers to the water vapour content in air or other gases and its measurements can
be stated in a variety of terms and units. The three commonly used terms are absolute
humidity, relative humidity (RH) and dew point. Absolute humidity is the ratio of the mass
of water vapour to the volume of air or gas. It is commonly expressed in grams per cubic
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Fig. 2. The reflection spectra of interferometers with L = 92 mm, 10.5 mm and 3.5 mm in the
wavelength range of 1500-1600 nm.
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Fig. 3. The fringe spacing as a function of length of PCF observed for a reflection type
interferometer.

meter. Dew point, expressed in °C or °F, is the temperature and pressure at which a gas
begins to condense into a liquid. The ratio of the percentage of water vapour present in air at
a particular temperature and pressure to the maximum amount of water vapour the air can
hold at that temperature and pressure is the relative humidity.

The measurement of humidity is required in a range of areas, including meteorological
services, the chemical and food processing industries, civil engineering, air-conditioning,
horticulture and electronic processing. Compared with their conventional electronic
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counterparts, optical fibre humidity sensors offer specific advantages, such as small size and
weight, immunity to electromagnetic interference, corrosion resistance and remote
operation. A wide range of optical fibre humidity sensors have been reported in the
literature. Most of these fibre optic humidity sensors work on the basis of a hygroscopic
material coated over the optical fibre to modulate the light propagating through the fibre
[Yeo et al., 2008; Mathew et al. 2007, 2011]. A polymer optical fibre has been adapted for
humidity sensing [Zhang et al., 2010] without the use of a hygroscopic coating but the fibre
is highly temperature dependent and is not suitable for high-temperature applications. An
all-glass fibre-optic relative humidity sensor which does not require any special coatings to
measure humidity using a reflection-type two-mode photonic crystal fibre interferometer is
presented in this section. The spectrum of it exhibits good sensitivity to humidity variations.

3.1 Operating principle of the sensor

An untreated silica PCF is used for the fabrication of the PCF], its surface is hydrophilic and
there fore the adsorption of water vapour on the surface occurs when it is exposed to humid
air. Two types of water-vapour adsorption mechanisms occur in sequence at the SiO-air
interface. The chemisorption of water vapour first modifies the SiO, surface, resulting in a
surface with silanol groups (Si-OH). The second type of adsorption, physisorption, occurs
on these silanol groups. A schematic illustration of the water-vapour adsorption is given in
Fig. 4. At room temperature the physisorption is a reversible function of the relative
humidity of the surrounding air, while the chemisorption appears to be irreversible
[Voorthuyzen et al, 1987]. So in the succeeding discussion only the physisorption is
considered. Awakuni and Calderwood [Awakuni & Calderwood, 1972] investigated the
adsorption of water vapour on the SiO, surface. They measured the amount of adsorbed
water as a function of the partial vapour pressure at a constant temperature. It appeared that
this so-called adsorption isotherm can be described very well by the BET (Brunauer-
Emmett- Teller) adsorption theory [Brunauer et al., 1938].

The evolution of adsorbed water layer structure on silicon oxide at room temperature is
demonstrated by David and Seong in [David & Seong, 2005]. They determined the
molecular configuration of water adsorbed on a hydrophilic silicon oxide surface at room
temperature as a function of relative humidity using attenuated total reflection (ATR)-
infrared spectroscopy. A completely hydrogen-bonded ice like network of water grows up
as the relative humidity increases from 0 to 30%. In the relative humidity range of 30-60%,
the liquid water structure starts appearing while the ice like structure continues growing to
saturation. Above 60% relative humidity, the liquid water configuration grows on top of the
ice like layer. This structural evolution indicates that the outermost layer of the adsorbed
water molecules undergoes transitions in equilibrium behaviour as humidity varies. Also it
was shown from the adsorption isotherm that the thickness of the adsorbed layer at room
temperature starts increasing exponentially above 60% RH.

Tiefenthaler and Lukosz [Tiefenthaler & Lukosz, 1985] have shown that adsorption and
desorption of water vapour by the surface of a waveguide changes the effective refractive
index (RI) of the guided modes, in their case for a humidity sensor based on an integrated
optical grating coupler. In the case of a PCFI a similar adsorption of water vapour changes
the effective refractive index (ng) of the interfering cladding mode propagating in the PCF.
Since this adsorption/physisorption is a reversible process, a modulation of the ng occurs
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with respect to the ambient humidity values which in turn change the position of the
interference pattern accordingly. An increase in humidity causes the shift of the interference
pattern of a PCFI toward longer wavelengths and the value of this interference peak shift is
exponential with respect to relative humidity [Mathew, 2010]. This shift of the interference
peak is mainly due to the adsorption and desorption of H,O molecules along the surface of
holes within the PCF, at the interface between air and silica glass. Since the whole device is
exposed to humidity the adsorption and desorption of water vapour on the PCF outer
surface and on the end face also contribute to the shift of the interference pattern. But
considering the field distribution of the interfering cladding mode shown in [Cardenas-
Sevilla et al.,, 2011, Uranus, 2010] and below the dew point temperature the main
contribution to the interference shift is considered to be due to the adsorption of water
molecules within the voids of the PCF. The adsorption on the end face mainly causes a shift
in the overall power level of the interference pattern.

H.\ /H
H,O - vapor /o\
H H H H
I I / \
O O O O
e e ) T T = == =] = =
ﬂ -_—0 ——S5i—0—Sj — —_—0—S5i— 0 —5i—
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chemisorption physisorption

Fig. 4. Schematic representation of water vapor adsorption mechanisms on an SiO» surface.

3.2 Experimental characterization of the sensor

The sensor system is composed of a broadband light source (SLED), a fibre
coupler/circulator (FOC), the PCF interferometer or sensor head, and an optical spectrum
analyser (OSA) as shown in Fig. 5. The sensor head, as the main part of the sensor system, is
composed of a small stub of PCF fusion spliced to the end of a standard SMF. The PCF in
the sensor head has a microhole collapsed region near the splicing point and the free end of
the PCF is exposed to ambient air. The humidity response of the device was studied at a
temperature (25 ©C) and at normal atmospheric pressure by placing it in a controlled
environmental chamber as shown in Fig. 5. Fig. 6 shows the changes in the reflection
spectrum with respect to ambient humidity for a device with L=40.5 mm. The change in the
adsorption with respect to ambient humidity changes the effective refractive index of the
cladding mode (ng). The resulting phase change in turn results in a shift of the interference
pattern. The curves in Fig. 6 show the position of a zoomed section of the device spectrum at
relative humidity values of 30, 60, 80 and 90 %RH. When humidity increases the interference
pattern shifts to longer wavelengths and this shift is more significant at higher humidity
values. To study the effect of reducing the length of the PCFI a second PCFI was fabricated
with a shorter length of 17 mm. Fig. 7 shows the peak shift of the interferometer with respect
to humidity obtained for two devices with L=17 mm and 40.5 mm.

It is observed from the Fig. 7 that the sensitivity of the device to humidity decreases as the
length of the device decreases. This is due to the fact that for a small device the fibre length
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available for interaction between the cladding mode with the adsorbed water vapour is less
so the acquired phase difference between the interfering modes will be smaller. Hence the
sensitivity to humidity change is less for a device with a smaller length of PCF. It is
important to note that the shift of the interference pattern is similar to the thickness
variation of the adsorbed layer of water vapour on silica i.e. increases exponentially above
60 %RH [David & Seong, 2005].

Humidity and Temperature

I-=--“ 5 / Controller
SLED =
L
U [ A \
20 S
PCFI

OSA Controlled Environmental
Chamber

,_

Fig. 5. Experimental arrangement for the characterisation of the PCFI with respect to relative
humidity.
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Fig. 6. Reflection spectrum of a 40.5 mm long PCFI at different humidity values.

The device sensitivity is estimated by dividing the PCFI response to humidity into three
regions 27- 60 %RH, 60-80 %RH, and 80-96 %RH. The average sensitivity values observed
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for the PCFI with a length of 40.5 mm in these regions are 3.7, 8.5 and 64 nm/%RH
respectively and for a 17 mm long PCFI they are 1.7, 3 and 23 nm/ %RH respectively. Even
though the PCFI with a longer length appears more sensitive, it is likely that increasing the
length of the PCFI to a much longer length is not practical because in a longer device the
infiltration of water molecules may take too much time. Furthermore, since the propagation
loss of the interfering cladding mode is high the fringe visibility will diminish on increasing
the length of PCF. Also for a longer device the fringe spacing will be shorter which limits the
measurement range of the device. Decreasing the length of the PCFI to a much shorter
length is also not suitable because as seen from Fig. 2 & 3 if the length is less than 3.5 mm
the fringe spacing will be greater than 100 nm, the bandwidth of a typical SLED spectrum,
and therefore not suitable for observing the shift in the interference spectrum. Selecting a
shorter length will also result in a reduced sensitivity but that can be improved by
infiltrating the microholes with suitable hygroscopic materials. Based on our experimental
observations and considering the above explained factors we suggest the best lengths for an
efficient humidity sensing to be in the range from 3.5 mm to 100 mm.

The response of the PCFI to humidity variations is found to be reversible and repeatable
with low hysteresis. Under laboratory conditions it is reusable, but humidity is a truly
analytical measurement in which the sensor must be in direct contact with the process
environment. This of course has implications of contamination and degradation of the
sensor to varying degrees depending on the nature of the environment. Possible
contamination agents are dust particles and chemical vapours. So a further study of the
sensor head contamination in different process environments and the observation of the
shift in its response in those conditions are required in order to get a better understanding of
the long term stability of our sensor in field applications. In the case of a PCFI based sensor
this limitation can be overcome by different ways; a recalibration of the sensor head after a
certain period of time and a subsequent reuse of the sensor head during another time
interval, or, since the fabrication of the PCFI based sensor head is simple and cost effective,
replacing the sensor head or attaching some filters to the sensor head by which it can be
protected from contamination or an ultrasonic cleaning and subsequent heating (which
will remove the contaminants like dust particles without damaging the sensor head) is
another method to make the sensor reusable after contamination.

A study of cross sensitivity to temperature reveals that the PCFI based humidity sensor is
almost temperature independent. Conventional glass fibre relative humidity sensors require
coatings and thus are always temperature dependent and, furthermore, since the majority of
such sensors use polymer materials as coatings, they are not suitable for use in high-
temperature applications. One significant advantage of the sensor explained here is that the
sensor head is made of single material silica. This suggests that apart from low and room
temperature applications the PCF interferometer based humidity sensor can also be used in
harsh and high-temperature environments to monitor humidity.

4. Dew sensor based on PCFI

Dew (condensed moisture) is a problem in the fields of precision electrical devices,
automobiles, air conditioning systems, warehouses and domestic equipment, etc. High
humidity and condensation can create an environment where the development of mould on
the wooden parts can take place and it can also cause corrosion of iron parts. This is a major
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problem in the case of the works of art in the museums and churches [Camuffo & Valcher,
1986]. So there is a strong demand for a sensor able to accurately detect a high humidity or
dew condensation state.
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Fig. 7. Interference peak shift of the photonics crystal fibre interferometers with L=40.5 mm
and 17 mm with respect to relative humidity.

Approaches to dew detection using optical fibre have been previously reported in [Baldini
et al., 2008; Kostritskii et al., 2009]. The working principle of these sensors is based on the
change in the reflectivity which is observed on the surface of the fibre tip, when a water
layer is formed on its distal end. The dependence on reflected power measurement scheme
used in [Baldini et al., 2008; Kostritskii et al., 2009] increases the chance of measurement
error due to source power fluctuations. Recently we have demonstrated a simple sensor
head for dew detection based on a photonic crystal fibre interferometer (PCFI) operated in
reflection mode [Mathew et al., 2011], with the advantage of good dew point measurement
accuracy. The fabrication of such a sensor is very simple since it only involves cleaving and
fusion splicing. Furthermore, the spectral measurement technique utilized in this work is
free from errors due to source power variations. In the following section of the chapter a
dew sensor based on PCFI is explained, including a study of temperature dependence of the
device with different lengths of PCF. Since the sensor head is fabricated from a single
material, silica, its temperature dependence is very low. From the results of the dew sensor
performance with different lengths of PCF it was shown that a device with a compact length
of PCF is suitable for dew sensing albeit with a reduction in the speed of response. The
response of the sensor at different ambient humidity values is also included in this section.

4.1 Operating principle of the sensor

To study the response of the PCFI to dew formation it is required to set the temperature of
the PCFI to dew point temperature, which is obtained from the values of ambient relative
humidity and temperature. To do this let us consider a quantity of air with a constant water
vapour concentration at a certain temperature, T, and relative humidity, RH < 100%. The
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dew point temperature, Ty, is defined as the temperature to which this quantity of air must
be cooled down such that, at a constant pressure, condensation occurs (RH = 100%). In
terms of relative humidity RH and temperature T, the dew point temperature is given as:

RH ) BT
M 100% ) o T
T4(T,RH) = o .

B_ln( RH j_ BT
100% ) a+T

where, a=243.12 ©C and [3=17.62 are the so-called Magnus parameters for the temperature
range -45 to 60 OC. There fore decreasing the temperature of the PCFI increases the relative
humidity close to it. At a certain stage of decreasing the temperature the relative humidity
becomes 100% or reaches the dew point temperature and hence the water vapour starts to
condense. The condensed water vapour on the PCFI causes a large change in the effective
refractive index of the interfering cladding mode (n.) which in turn causes a large phase
change between the interfering modes and therefore a large wavelength shift of the
interference peaks is expected.

4.2 Experimental characterization of the sensor

The dew response of the PCF interferometer was studied by placing it on a thermoelectric
cooler (TEC) as shown in Fig. 8. In order to study the influence of dew on the PCFI, it was
decided to limit the PCFI length used to 42 mm or less, to suit the size of the available TEC
used for temperature control. The temperature of the TEC element was controlled by a
temperature controller. A thermistor was used to provide temperature feedback to the
controller from the TEC element. An additional handheld thermometer was used to confirm
the temperature on the TEC surface. The entire setup was placed inside a controlled
environmental chamber. The inside relative humidity and the temperature of the chamber
can be controlled with an accuracy of +2 %RH and *1 OC respectively. For the purpose of
this experiment the ambient temperature inside the chamber was fixed at 25 ©C.

I . -
Micro-hole collapsed region

I
I
SMF PCF,LMA10 |
y |

I

I

I

[ TEC Controller ] [Thermometer]

Fig. 8. Experimental arrangement for the calibration of PCFI based dew sensor.
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Since the PCF is composed of only fused silica, it is expected to have minimal thermal
sensitivity. The temperature dependence of the device was determined by observing the
peak shift of the interference spectrum of the device for a temperature variation from 25 ©C
to 60 ©C. The ambient humidity during the study was set to 40 % RH. When the temperature
is increased from 25 OC to 60 ©C the interference peak is shifted slightly to higher
wavelengths. Fig. 9 shows this temperature dependence for two devices with L=17 mm and
40.5 mm. As expected the thermal sensitivity of the PCFI is very low and is further reduced
for a device with the shorter length of PCF. The thermal sensitivity obtained in the
experiment for a device with L=40.5 mm is 9.5 pm/©C and that for L= 17 mm is 6.2 pm/©C.

The dew sensing experiments were carried out at an ambient temperature of 25 ©C and at
normal atmospheric pressure. To study the dew response of the device the temperature of
the PCFI was decreased from ambient temperature (25 ©C) to the dew point temperature at
a fixed ambient relative humidity. It was found that the position of the interference peaks
shifted to longer wavelengths with a decrease in temperature. This shift is similar to the
humidity response of the PCFI as shown in Fig. 6 and 7. This occurs because the relative
humidity inside the microholes and close to the PCFI increases with a decrease in
temperature and causes a shift. At or below the dew point temperature (100% RH) water
vapour condensation occurs, the condensed water vapour on the outer surface of the PCF
also contributes to the change in the effective RI of the cladding mode, which results in a
large spectral shift.
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Fig. 9. Interference peak shift with respect to temperature for interferometers with PCF
lengths L= 40.5 mm and 17 mm.

The spectra of two interferometers at room temperature and at the dew point temperature
for devices fabricated with lengths 40.5 mm and 3.5 mm are shown in Fig. 10(a) & (b).
The lengths selected are practically the largest and the smallest PCF lengths that can be
studied using our experimental setup. The ambient humidity during this study was set at
60 % RH. From the Fig. 10 it is clear that relative to the period of the interferometer the
shift will be larger for a longer PCFI due to a longer interaction length available for the
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interference between the cladding mode and the adsorbed water vapour. Hence the
sensitivity to water vapour content and thus dew point temperature is high for a device
with a longer length of PCF.

It is important to note that due to the large fringe spacing it is difficult to measure the peak
shift accurately for a short PCFI, therefore the comparison of sensitivities for PCFIs with
different lengths is not straightforward. It should also be noted that even a PCFI with a
small length (3.5 mm, fringe spacing ~90 nm) when exposed to dew point temperature for a
relatively long time i.e. several minutes will result in a measurable fringe shift as shown in
Fig. 10(b). This is because an increasingly thicker adsorbed water layer is formed on the
silica surfaces of the PCF as time progresses. Thus compared to 3.5 mm device the
~40.5 mm device is preferable for achieving a fast response time (in the order of seconds),
but when a compact length is the main requirement a shorter PCFI also can be used as a
dew sensor with a reduced measurement speed. The best range of lengths suitable for dew
sensing is the same as the one given above for humidity sensing.

'6 T T T T
] —— room temperature (25°C) -4 1 room temperature (25 °C) B
dew point temperature (16.7 °C) 6 —— dew point temperatre (16.7 °C)
-8 -6 1 4
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Fig. 10. (a). Interference spectra for a device with length 40.5 mm at room temperature and
at dew point temperature.

(b). Interference spectra for a device with length 3.5 mm at room temperature and at dew
point temperature.

The dew sensing performance of a PCFI at different environmental conditions was determined
by studying the dew response of a PCFI with L= 40.5 mm at three ambient humidity values of
40, 60 and 80 %RH. At each humidity value the temperature of the PCFI is reduced from 26 ©C
to the corresponding dew point temperature. The peak wavelength shift of the device is
plotted against temperature in Fig. 11. The three curves represent the peak shift corresponding
to the ambient relative humidity values of 40, 60 and 80 %RH. The onset of the dew formation
is characterized by a large shift of the interference peak which is clear in Fig. 11. The dew point
temperature calculated by using equation (1) based on the corresponding ambient conditions
is marked on each curve in Fig. 11. For all these three ambient humidity values the continuous
spectral shift starts exactly at the dew point temperature which confirms the high dew point
measurement accuracy (estimated as +0.1 ©C) of the sensor.

It is observed that at or below the dew point temperature the interference peak shifts
continuously with time. This is because an increasingly thicker adsorbed water layer is
formed on the silica surface of the PCF microholes as time progresses. By bringing the
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temperature of the PCFI back to room temperature the interference peaks also shift back to
their initial position. This shows the reversibility of the sensor. Because of the small size of
the sensor head and the high sensitivity to adsorbed water vapour the demonstrated sensor
response time is in seconds which is relatively fast compared to existing dew point
hygrometers that take several minutes for a single measurement. The simple fabrication
method, small size and the all-silica nature of the demonstrated sensor head suggest that
with some simple additions such as attaching a TEC element with temperature feedback on
to the PCFI, the combination can be used as a dew point hygrometer.

3.5
1—= RH =40% Dew point
3'0’_+ RH = 60% temperature
25] o RH=80% '
T 2.0 L
= 1.51 A
c 1 7 »
» 1.0 \
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Fig. 11. Interference peak shift of PCFI with respect to temperature at three ambient
humidity values of 40, 60 and 80 %RH.

5. Conclusion

A brief review of the photonic crystal fibre and the modal interferometers based on PCF are
presented in this chapter. Along with the review the operating principle and the fabrication of
a reflection type PCF based modal interferometer are also explained in the chapter. The
dependence of the interferometer fringe spacing on the length of PCF is also explained and
demonstrated experimentally. The experimental investigation and demonstration of a
humidity sensor based on a PCF interferometer is presented in the chapter with a brief
explanation of the operating principle of the sensor. The water vapour adsorption/desorption
phenomena on silica surface are briefly addressed to explain the operating principle of the
sensor. The chapter includes the experimental investigation of the relative humidity response
of the sensor and the dependence of its sensitivity on the length of PCF. It is shown that a
device with a longer length of the PCF section is more sensitive to relative humidity changes.
A dew sensor based on PCF interferometer is presented along with the explanation of its
sensing principle. The chapter presents the temperature dependence of the PCF interferometer
and the dependence of its sensitivity on the length of the PCF. The dew sensing performances
of PCFIs with different lengths and at different ambient relative humidity values are also
presented. Based on the explained dew sensor a novel dew point hygrometer using PCF
interferometer is also proposed in the chapter.
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