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Abstract

Different glasses suitable for temperature sensing in the fiber optic sensors
were studied in this article. The phase changes for eight different glass materials
were calculated and results were compared. Our results showed that extra dense
flint glass is the most sensitive one, while pure silica results in the lowest phase
change. In another study the effect of wavelength on the phase variation was also
investigated and the results were presented. Finally, the effect of glass formation
in phase change was considered for different glasses, which were prepared using
different techniques. The result showed that the Corning glass #7940 offers the
highest sensitivity in comparison with the other three glasses for temperature
sensing. Our studies for different silica glasses indicated that glass formation is
important in preparing the glass materials required for the fiber sensors.

Introduction
During past decades, scientists have been studying
various properties of glass-forming metals and glasses.
Because of the application of such materials in different
fields, a rapid increase in the variety of glass-forming
substances has been noted in recent years. In general, a
kind glass is specified by different physical, mechanical
and chemical properties. Crystallization, glass transition
temperature, and glass formation are important points in
the glass preparation. Diffusion, permeation and
solubility of gases are the other parameters involved in

glass formation and its applications.
Density, thermal expansion, specific heat, thermal
conductivity, viscosity, and optical properties are the
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other crucial physical parameters. Electrical and
magnetic properties of the glass are features to be
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considered in glass analysis. Elastic and internal
frictions, strength, surface tension, and microhardness
describe the major mechanical properties of the glass
materials. Finally, chemical durability is another point,
which is important in this respect.

There have been many attempts in order to study the
microstructure of glasses. Analytical techniques such as
Raman spectroscopy and electron microscopy [1] have
been developed to explain different properties of glass
formation and crystallization of glasses and glass alloys.
An important technique is the electron microscopy that
has been proved as a valuable tool in extending our
understanding of the microstructure of glasses.

The goal of this paper is to study the glass material
involved in the fiber optic sensors in order to improve
the performance of such sensors. The reported results
can lead to fabrication of sensors with higher
sensitivities and precision. For this purpose we first
describe the principle of the temperature sensing based
on the phase change in the interferometric
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arrangements. In this respect, we calculate and report
the phase change for different silica and silica
compound glasses, then a comparison is given between
these glasses and the optimum material for the
fabrication of a sensitive temperature sensor is
suggested.

Principle of Operation

Optical fiber sensors have found many applications
in recent years. Various physical effects have been used
to develop a variety of sensors for monitoring
displacement [2], pressure and temperature [3], and
other parameters [4-9]. Patrick et al. [10] reported the
development of a sensor employing a graded index lens
for displacement measurements. We reported an optical
fiber sensor design for measuring the thermal expansion
of metals [11].

A Mach-Zehnder type interferometer [8] can be used
to detect the phase change as a result of an external
perturbation. Figure 1 shows a typical block diagram of
such an interferometer device that can be used as a
temperature sensor [8]. Such a sensor system requires a
stable, single-longitudinal-mode laser light source with
low phase noise, a beam splitter producing two separate
light beams, two single-mode optical fibers forming the
two arms, a beam combining means, and a detector for
monitoring the intensity of the interfering beams.

In this geometry, one of the fiber arms is considered
as a reference while the other one serves as a probe coil
in the sensing region. The optical path lengths of the
two arms are nearly equal and define the resulting phase
shift in the interference pattern. The lights from these
fibers interfere and result in bright or dark fringes
depending on the phase shift between these two light
path lengths. Using an appropriate detecting system one
can monitor the intensity of such interference pattern.

Reference Fiber

He-Ne Laser

Sensing Fiber

Measurement

Figure 1. The block diagram of a Mach-Zehnder
interferometer that can be used for temperature sensing.

The phase of the light leaving a sensing fiber can be
changed when it is exposed to environment, by
dimensional and/or index refraction changes. Thus, if
the probe fiber is subject to a temperature different from
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the reference fiber, this difference appears as a
displacement of the fringes that can be measured
experimentally.

Let us consider a probe fiber with the length L and
the effective index of refraction n. If we consider the
phase change of the light traveling through such a fiber
to be @, then we can write:

D=pL, o))

where, B is the propagation constant in the fiber. For
variation of ® with temperature one can write:

do
dT

d_L+ Ld_ﬂ

T

@

and for =2 nn/A, the second term in Equation (2) is
equal to:

g _(zm):n
dT 4 )dT’

After substitution of this term and some
simplification the phase change per unit length for the
unit temperature is obtained.

©)

(LDdT
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dT

where, A is the light wavelength in free space, o is the
thermal coefficient of the glass material, and dn/dT
shows the temperature variation of the index of
refraction. The term in the left-hand side of Equation (4)
indicates the phase change per unit length for one-
degree temperature change. We consider this quantity
throughout this article and calculate it for different
cases. As can be seen from Equation (4) the phase shift
can be due two effects: first, the change in the fiber
length due to thermal expansion or contraction, and
second the temperature-induced change in the index of
the refraction of the probe fiber.

It must be pointed out that n, o and dn/dT are
themselves function of temperature. Hence, the
temperature dependence of these parameters is different
for each glass type. For example, as indicated by
Waxler and Cleek [12], the mean value of n for Corning
glass #7940 at A =587.6 nm for temperature range of
—200°C to 650°C is given by:

n=1.45846 + 8.16x10° T
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+1.04x10° T? - 5.6x10" T2, (5)

The derivative of Equation (5) with respect to T
results in dn/dT that can be evaluated at different
temperatures. However, Equation (5) can only give the
precise results for that particular glass. For other glasses
we used data reported in [13] for T=20 and T= 100°C.

The variation of the fiber length L with temperature
or change of a can be different for various glass
materials with different components and impurities. As
expressed by Hetherington [14] for a special silica glass
(0.12% OH), the expanded length is given by

L= Lo[1 + (0.568 T + 0.000524 T?) 10, (6)
where, L, is the fiber length at zero temperature. From
Equation (6) one can calculate AL/L and as a result o at
different temperatures.

Computation and Result

For this study we considered the following glasses.
Crown glass (C-1), borosilicate crown (BSC-2), light
barium crown glass (LBC-2), dense barium crown
(DBC-1), crown flint (CF-1), barium flint (BF-1), extra
dense flint (EDF-3), and pure silica glass (SI).
Composition, optical properties and thermal expansions
for these glasses are given in Table 1 [13]. From now on
we use the conventional abbreviations for these glasses
as shown in Table 1.

Considering the given data, EDF with a 62% PbO
has the highest specific gravity (4.51 g/cm®) and also the
index of refraction (1.689). On the other hand, pure
silica has a specific gravity of 2.202 g/cm?® and index of
refraction of about 1.45846. Next to EDF glass, DF has
a PbO percentage of 19.5% with specific gravity of
3.64 g/cm?. This glass has index of refraction of 1.621.
After this glass CF has an index of refraction of 1.5286.

The first study considers the change of refraction
index with temperature relative to 0°C. Temperature
data for different glasses is taken from [13]. This change
is presented in Figure 2 for LBC and EDF glasses. In
Figure 2 the value of n variation is plotted from —100 to
100 °C for three different wavelengths (480, 589, and
644 nm). As can be seen in Figure 2, EDF glass shows
the higher variation in the index of refraction while
LBC has a little change for this temperature range.
Another point is that as described for the pure silica
glass, this variation can be positive or negative as
indicated in this study. A careful study of Figure 2
shows that the index of refraction change is higher for
the shorter wavelength (in this case 480 nm).

It seems that a single mode laser light source, at
480 nm (Argon ion laser), with an appropriate detector
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would be the best choice for such a temperature sensing
application. However, a specific choice of source
wavelength for the proposed temperature sensor
depends on the type of the photo detector to be used in
the construction of the sensor system.

Figure 3 shows the result of the second study for the
phase change for two different temperatures. Since
exact data given in [13] is for 578 nm, therefore, we
consider this wavelength for such analysis. The results
given in this study are for A=578 nm and typical
temperatures are the room temperature of around 20 and
100°C. As can be seen in Figure 3, at the room
temperature EDF has the highest phase value (200.573
radian/°C-m), while pure silica shows the lowest
sensitivity (114.669 radian/°C-m) in this study.

0.001 .
—=— LBC-480 nm —— LBC-589 nm —+— LBC-644 nm
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Figure 2. Variation of the index of refraction with respect to
temperature for different wavelengths.
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Figure 3. The phase changes for different optical glasses for
two temperatures.
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Table 1. Thermal expansion and composition of different optical glasses [13]

Glass type Composition (%)
Name Ol Olgg Si0, B,0; Na,0O K,O BaO PbO Al,O; ZnO
C 8.0 8.7 73 1 15 - - - -
BSC 6.5 7.0 68.6 114 3.9 10 1.8 - - 2
LBC 7.8 8.3 481 45 1 75 283 - - 10.1
DBC 6.4 7.0 346 11 - - 46.9 - 5 11
CF 7.3 7.7 81 - 11 - 3 - 35
BF 8.0 8.4 49.8 - 1.2 82 134 187 - 8
DF 7.3 7.6 735 - 6.5 19.5 0.5
EDF 7.5 8.0 33.7 - - 4 - 62 - -
Sl 0.5 0.505 100 - - - - - - -

Thermal expansion coefficient, o multiplied by 10°.

Components constituting less than 0.5% are not listed.

The same parameter for the T=100°C is displayed in
Figure 2 for a better comparison. It is noticed that in
general, phase change for all of the glasses is increased
at the higher temperature. This increase in response is
about 8.6% for the EDF, which again shows the highest
sensitivity (219.8 radian/°C -m) in this case. The noted
increase is because of two effects. As can be seen in
Equation (4), the value of n, and dn/dT are increased
with T, and also o(T) shows increase with temperature
at this range of 20-100 °C. However, it should be
mentioned that dn/dT could also be negative at some
temperature range. As indicated in [13] from —194°C to
0°C, dn/dT is negative for C-1 glass. In our calculation,
however, for the given temperature range, dn/dT has
positive value and as a result the second term in
Equation (4) is increased with any increase in
temperature.

With increasing temperature according to Equation
(5), n increases. From Equation (6) it is noticed that
whenever there is a temperature increase, o increases
accordingly. Hence, in Equation (4) the first term is
increased because of n and a. As described the second
term is increased due to increase in the dn/dT. In
comparing the results for the pure silica and other
glasses it is noticed that the effect of the first term (no)
is very smaller than the second term (dn/dT) for the
silica while this is reverse for the composite glasses.
The reason is the existence of the metal oxide in the
composite of other glasses that show higher o value. As
a result the first term in Equation(4) for pure silica is
much less than the other composite glasses. For
example, the ratio of the first term of EDF to that of
silica (SI) is about 15. On the other hand, for the same
glasses, the second term for EDF is about 6.1x10° in
comparison to 10x10°® /°C for the pure silica glass. This
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is again reasonable because of the some percentage of
the metal oxides in the composition of EDF glass.

To see the role of the source wavelength in phase
analysis, in this section we discuss this parameter. In
Figure 4 we present the results of the phase change for
the described glasses. These wavelengths are 480 nm,
589 nm, and 644 nm, all in the visible range. The values
of n and dn/dT vary for each glass and as a result affect
the phase change. As can be seen in [15], the value of n
decreases as we increase the wavelength. The second
term including dn/dT in Equation (4) behaves
differently with wavelength as indicated for the silica
glass in [15]. For 0.2-0.4 um range it decreases sharply
and from 0.4 to 0.7 um decreases slowly. From 0.7 to
1.8 um it increases and finally from 1.8 to 4 um shows a
slow decrease.

The conclusion of this part is that for a wavelength
range of 0.4 to 1 pm that dn/dT does not vary
considerably, the phase change for the visible region is
decreased as we increase the wavelength. Another point
is that k= 2n/A in Equation (4) decreases as the
wavelength is increased, so this coefficient changes
inversely with respect to the wavelength. Another point
is that n(A) is decreased as we increase the wavelength.
This has been shown in different studies.

For instance, for Corning glass #7940 at 0.23021 um,
n=1.52034, at 26 °C while for 1=0.578 um n=1.45899,
and at A=1.01398 um, n=1.45039, and finally at A=3.37
pm n=1.4099. Hence there is a decrease because of
three factors. First the propagation constant in free
space is decreased with any wavelength increase.
Second the n(A) is decreased as we increase the
wavelength. The third factor is the dn/dT that shows a
complex behavior, but for the visible wavelength range
it is more or less constant.
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Figure 4. Shows the phase variation as function of source
wavelength for different optical glasses.
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Figure 5. Shows the phase change for silica glasses prepared
by different techniques.

Considering the results shown in Figure 4, we notice
that the phase change at 480 nm has the highest value
while at 589 nm it has the intermediate value. A light
source at 644 nm produces the lowest phase change. For
example the corresponding numbers for these three
wavelengths are 274.749, 200.573, and 176.347
radian/°C-m, respectively. Comparing these humbers it
is noticed that wavelength has a considerable effect on
the phase variation. This point can be effectively used in
choosing the proper light source for the sensor design.

In another study the phase change is considered for
four different silica glasses prepared by different
methods, Corning #7940, Kl, KU, and KV as denoted in
[15]. Thermal expansion for these glasses at 50°C is
given by Amatuni et al. [16]. The glass denoted by Kl is
a silica glass that melted by electrothermal method (total
impurity 1x10% wt%, and <5x10* wt% OH) with a
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density of 2.2077 glcm®. The KV glass is a silica glass
melted by gas-flame method (total impurity <1x10 *
wit% and (1.5-4)x10% wt% OH) and density of 2.2047.
The KU is a silica glass made by synthesis in vapor
phase of SiCl, in a hydrogen-oxygen flame (total
impurity<0.2x10™ wt%, 0.1 wt% OH, and 1x10?2 wt%
Cl). The density of this glass is about 2.2059 and the
density of the Corning #7940 at 20 °C is 2.202 g/cm®.

If we assume a nearly equal n=1.458462 for all the
glasses and dn/dT as given in [15], then the amount of
phase changes per unit length of probe fiber for 1°C
temperature change can be calculated. For the Corning
silica glass we assume that a= 0.5x10° /°C and
compare the results with pure silica in Figure 5. As can
be seen, the KI has the lowest phase change while
Corning glass produces the highest phase variation. It is
also noted that among all these glasses the pure silica
glass provides the higher phase change.

This study shows that the method of glass forming
and its impurity are effective in the fabrication of fiber
optic sensors. Hence, OH and other impurities affect the
phase variation in such sensing devices. As a result
optical property of a glass may change with
temperature, pressure, and annealing of the glass during
the glass preparation. This fact must be considered in
the preparation of glass material for the fabrication of
optical fiber temperature sensors.

Optical fiber fabrication is accomplished by using
techniques such as vapor phase axial deposition (VAD),
lateral deposition, or modified chemical vapor
deposition (MCVD) process. Compound fibers are
generally fabricated by using the double crucible
method. In practice, one can take advantage of such
method to fabricate fibers from glass materials proposed
in this study. The result of this study suggests that the
mentioned compositions can be used to draw fibers,
which are more efficient for temperature sensor designs.
However, in the fiber preparation process care must be
taken to avoid the unwanted changes in the glass
property. For example, any impurity such as OH can
affect the phase variation of such fiber when used as a
temperature sensor. Such parameters must be, therefore,
controlled in order to be able to match the predicted
theoretical results reported here. However, there are
always some practical problems that limit the ultimate
sensitivity of the designed sensor and can cause the
experimental results to be less satisfactory than those of
theoretical ones are.

Conclusion
The main results of this study can be classified as
follows. Pure silica glass with no metal composition has
the lowest phase change. EDF has the highest
composition of metal oxide (62% PbO) that shows the
highest phase variation to a temperature change. For the
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pure silica the thermal expansion of fiber is negligible
while the temperature change of the index of refraction
is dominating. Inversely, in glass alloys with high metal
oxides the thermal expansion is higher than the change
of index of refraction with temperature, and in some
cases they are comparable.

For applications that require the minimum phase
change because of temperature, the special low
expansion silica glass is suggested. For other
applications such as sensing temperature, EDF offers
the highest sensitivity. The overall result of this study is
that with appropriate glass fiber one can devise a very
sensitive phase based sensors. Glass impurities and
metal components have to be controlled in fabrication of
such sensing fibers.

Although some of the results given here are obtained
for the bulk glasses, but there should not be much
difference in those quantities when they are used in the
fiber form. Therefore, the bulk glass results reported
could be extrapolated to the fiber with a negligible error.
It must be mentioned that drawing special fibers with
the proposed compositions is costly, but high cost can
be justified if this approach can provide a high degree of
sensitivity in comparison with the other fiber sensors.
On the other hand, the mass production of such fibers
will lower the cost, which makes it more suitable for the
real field applications. Finally, with the desired fibers in
hand, one can use the described Mach-Zehnder type
interferometer sensors to detect the phase change and as
a result detect the temperature with a higher sensitivity.
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