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Mach-Zehnder Interferometer for In-Situ
Non-Contact Temperature Monitoring During
Thermal Processing of an Optical Fibre

Clarissa M. Harvey

Abstract—A Mach-Zehnder interferometer is formed in the
transverse plane of an optical fibre. This is exploited to monitor
the temperature of any given optical fibre in real time, without
any predesigned temperature sensing elements engineered into the
fibre and without a need to access the fibre ends. The interferom-
eter is formed by the refraction at the air-glass interface and the
subsequent internal reflections within the fibre. The temperature
response of the fibre is then measured by quadrature phase shift
detection of the interference pattern. For context, this is compared
to finite element modelling and a previously studied Fabry-Pérot
interferometer configuration. The temperature of an optical fi-
bre was measured from room temperature up to 1174 °C with
an error of +2.6% for the Mach-Zehnder type interferometer.
The measurement techniques presented offer a useful tool for
precise temperature measurement for applications such as fibre
post-processing.

Index Terms—Optical fiber measurements, temperature
measurement, laser materials-processing applications,
interferometry.

1. INTRODUCTION

PTICAL fibres have long been an invaluable tool to mea-

O sure temperature themselves [1], for example, with fibre
Bragg gratings [2], [3]. These fibres are specifically designed to
be temperature sensors; however, it is also of interest to measure
the temperature of an optical fibre that is not designed to be
a sensor. For instance, monitoring the temperature of a fibre
that is part of another device or is undergoing a thermal post-
processing procedure such as splicing [4]-[6] or annealing [7].
Remote temperature sensing can be done using IR cameras or
pyrometers for example, but these have limitations in precision
and accuracy, particularly, for small, reflective or transparent
objects such as optical fibres. These techniques are also based
on surface temperature only and require exact knowledge of the
temperature-dependent emissivity of the material to be precise.
The interferometric techniques discussed here are practical
methods of remotely monitoring the temperature inside an opti-
cal fibre without disturbing it or accessing the ends of the fibre.
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Furthermore, these techniques can be utilised with only prior
knowledge of the sample diameter and probe wavelength.

Previous work has been conducted to interferometrically mea-
sure the temperature of an optical fibre in real-time by probing
the transverse plane of the fibre with a coherent laser source [8].
The reflections from the fibre surfaces then form an optical
cavity. The optical path length (OPL) of such a cavity is then
dependent on the thermal expansion of the material and the
temperature-dependent index change. The phase shift of such an
interferometer can be measured using two photo-diodes placed
in quadrature in the interference pattern formed. So far this work
has primarily focused on a Fabry-Pérot interferometer (FPI)
configuration. However, this is only one of multiple possible
interferometer configurations within the transverse plane of an
optical fibre.

Here, we introduce a Mach-Zehnder interferometer (MZI)
configuration as a method of remotely measuring the temper-
ature of an optical fibre. The MZI configuration measures the
temperature in a triangular path within the fibre cladding while
the FPI configuration measures directly through the fibre core.
The advantage of the MZI configuration is that it allows for tem-
perature measurement in optical fibres where the core material
is opaque at the probe wavelength or where the index step is
high enough to induce additional and detrimental reflections in
the FPI.

To experimentally verify that the MZI gives the correct tem-
perature response for a given sample geometry, the MZI was
assessed in conjunction with a high-temperature fibre Bragg
grating. Namely, a chemical composition grating (CCG) [9]
which is alternatively known as a thermally regenerated grating.
The measurement of the temperature response of the CCG
itself was conducted to be a benchmark for the interferometer
techniques explored. The temperature of the fibre was evaluated
simultaneously with the previously used FPI configuration to
provide a direct comparison between the two techniques. Addi-
tionally, it is compared to numerical simulations of the system
using finite element modelling (FEM).

II. EXPERIMENTAL METHOD
A. Interferometer Configurations

The optical paths of both the MZI and FPI configurations are
shown in Fig. 1. The MZI is formed when the probe beam is
incident on the side of an optical fibre at a glancing angle. The
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Fig. 1. Diagram of the optical paths of the FPI and the MZI through the
transverse cross-section of a circular optical fibre. The FPI is used to measure
the average temperature across the fibre diameter and the MZI is used to measure
the average temperature of a triangular path through the fibre cladding. The fibre
was heated by a CO2 laser incident on the side of the fibre.

probe beam is split as part of the light is reflected at the surface
and the refracted part enters the fibre. The reference path of the
MZI is the external reflection from the surface of the fibre. The
light that entered the fibre is internally reflected from the surfaces
of the fibre and forms the probe arm of the interferometer before
leaving the fibre. At a cavity-specific incidence angle, the first
external reflection and the second order internal reflections align
to form a coincident beam and interfere. In the case of a circular
silica fibre with a refractive index n = 1.457 at a wavelength of
632.8 nm of the probing laser beam, the required incident angle
is 46.8°. For a circular fibre, the established MZI path length is
given by

Inie = oz = 224
where kyiz is the MZI path length scale factor and d is the cavity
diameter. For a slightly elliptical cavity, the incidence angle
changes as well as the OPL of the probe arm (see Appendix A
for details).

The other configuration discussed here is the Fabry-Pérot type
interferometer. The incident beam is normal to the front surface
of the fibre. The partial reflection from the front surface is the
reference beam. The rest of the light entering the fibre, the probe
beam, is partly reflected again at the back surface of the fibre
and then coincides with the reference beam. This configuration
relies on the core material having a negligible impact on the
probe beam through the fibre. The FPI path length is given by
Lrp = 2d, where d is the fibre diameter.

ey

B. Quadrature Phase-Shift Detection

The OPL of the probe beam changes with the temperature
of the fibre. As the OPL changes, the phase difference be-
tween probe beam and reference beam changes as well. This
has an impact on the intensity response functions of the two
interferometers. This means that by monitoring the intensity
response function, the temperature-dependent phase change can
be measured. For the MZI the intensity response function of the
obtained interference pattern can be approximated by

I(¢) = A+ Bcos(29¢), 2)
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Fig. 2. Photograph of a typically obtained interference pattern with arrows
indicating the detector position.

where A = 0.048 - Iy and B = 0.019 - I are fitting parameters
(the derivation of the fit is given in Appendix B.), I is the initial
laser beam intensity and ¢ is the phase shift of the probe beam
compared to the reference beam. Further, it has been shown in
Ref. [8] that the intensity response function of the FPI can be
approximated by 2 as well. In this case, A = B = I, where [ is
the intensity of the initial laser beam. This implies that the phase
change of both interferometers can be measured by quadrature
phase shift detection (as explained in Ref. [10]). To detect the
phase shift, two detectors were placed in quadrature within the
interference pattern as shown in Fig. 2.

C. Measurement Setup

The experimental system used here consisted of four parts as
shown schematically in Fig. 3: the CO5-laser-based fibre heating
system; a Bragg grating temperature measurement system; the
FPI configuration and the MZI configuration; It is of note that the
Bragg grating is not a necessary part of the interferometric tem-
perature measurement systems but was used here for calibration
of the two interferometer configurations.

The fibre heating system used a focused and shuttered CO-
laser (Synrad Firestar ti100HS) operating at 10.6 pzm. The COs-
laser beam spot incident on the fibre had a 1/e?-diameter of
A5 mm.

The Bragg grating measurement system consisted of a CCG
with a length of 1 mm. The grating was fabricated as described
in Ref. [11]. The Bragg wavelength shift of the CCG was
monitored in reflection using a white-light source (Koheras
SuperK) combined with a circulator and an optical spectrum
analyser (BaySpec FBGA-IRS). The vertical position of the CCG
was aligned to be at the centre of the COs-laser beam. This
was done by aligning for the maximum Bragg wavelength shift
and a minimal chirp of the reflected signal ensuring a minimal
temperature gradient across the grating.

The temperature was then simultaneously probed using two
independent interferometer configurations, each aligned to the
same vertical position on the fibre as the heating beam. The
Mach-Zehnder interferometer system used a focused HeNe-
laser operating at a wavelength of Ayz = 632.8 nm as shown in
Fig. 3. The intensity response function of the MZI was measured
using two photodiodes S; and S,. The sensors were positioned
with a quadrature phase difference in the interference pattern
(see Fig. 2) to monitor the full quadrature phase shift.

The Fabry-Pérot interferometer system used a focused solid-
state laser operating at a wavelength of Agp = 532.0 nm. The
interference pattern was picked off by the PBS and detected
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Fig. 3. Schematic of the experimental layout. (a) The White-light source
(WL) and optical spectrum analyser (OSA) monitoring the Bragg wavelength
of the grating inscribed in the fibre when exposed to a CO2-laser beam. (b) The
CO2-laser used to heat the fibre was vertically polarised and focused by a ZnSe
lens. The MZI system used a HeNe-laser focused on the fibre under test (FUT).
The MZI signal was then detected on S; and So. The FPI system consisted of
polarisation and intensity control of the Green laser by half waveplate (HWP) and
polariser; M1 beam steering mirror; Quarter waveplate (QWP) and polarising
beamsplitter (PBS) ensuring only reflections from the fibre are incident on
detectors S3 and Sy4. Line filters (LF) were used to ensure no cross-talk between
the interferometer systems. Note that the FUT is the same in (a) and (b).

at the photodiodes S; and S4, which were again placed in
quadrature. The distinct probe wavelengths and the use of line
filters eliminated cross-talk between the interferometer signals.

D. Calibration Using CCG

The CCG was used as a temperature sensor to calibrate the in-
terferometers to the thermal responses in the fibre. Therefore, the
temperature-dependent Bragg wavelength shift of the CCG had
to be calibrated first. The grating was sleeved using a fused silica
tube and carefully placed adjacent to a K-type thermocouple
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Fig.4. Calibration of the CCG by monitoring its Bragg wavelength shift while

heated in an oven.

inside an oven (Carbolite CWF 1100). Both the thermocouple
and the sleeved grating were placed in a ceramic tube to reduce
temperature fluctuations with increased thermal mass. The
ceramic tube was mounted horizontally in the oven. The oven
was then heated up to 1000 °C in steps of 100 °C. For each
set temperature, the oven was allowed to stabilise sufficiently
before the temperature reading of the K-type thermocouple and
the Bragg wavelength shift of the CCG were recorded.

The obtained data, shown in Fig. 4 was fitted by the second
order polynomial

Mg = 6.677-107CAT? +8.703 - 10 3 AT, 3)

with an R2-value of 0.9995. The root mean square error (RMSE)
is =74 pm corresponding to +-8.5 °C comparable to the specified
temperature accuracy of £7.5 °C of a K-type thermocouple at
1000 °C.

III. RESULTS

The fibre under test (FUT) was heated for a duration of 3 s at
13 different laser power settings between 5.8 W and 26.5 W. An
external trigger opened the shutter of the CO,-laser and simul-
taneously started the data acquisition of the two interferometers
as well as the monitoring of the CCG. Both interferometers and
the OSA were set to sample at a frequency of 1 kHz.

A. Mach—zehnder Interferometer: Temperature Measurement
in the Fibre Cladding

The measured responses upon heating the fibre, both the
Bragg wavelength change of the CCG and the phase change of
the MZI, were normalised and a typical result is shown in Fig. 5.
For clarity reasons, only every 100th data point of the MZI is
plotted. As can be seen from the plot, the heating and cooling
responses of the CCG and the MZI are in good agreement. The
relation between the Bragg wavelength change of the CCG and
the phase response of MZI is plotted in Fig. 6 and fitted by the
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Fig. 5. Comparison of the temperature response of the CCG with the phase
change of the MZI.
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Fig. 6. A plot of the relation of the Bragg wavelength shift of the CCG and

the MZI phase change.

linear regression:

Adg = (0.31 £0.04 nmrad ') - A¢. 4)

Using 3, the Bragg wavelength change of the CCG can be
converted to a temperature change. This enables a final calibra-
tion relating the phase change of the MZI to the corresponding
temperature change of the fibre core. The result is plotted in
Fig. 7. Equating 3 with 4 and solving for AT gives the fitting
equation:

AT =a-(VT+b-A0-1). )

Here,a = 6.502 - 102°C, b = 1.081 - 10~ rad !, the R%-value
is 0.9999 and the RMSE is £2.987 °C (+0.25%).

B. Fabry-Pérot Interferometer: Temperature Measurement
Through the Fibre Core

Analogously to the MZI, the phase response of the FPI has
been calibrated to the used CCG. The derived temperature
calibration is also given by 5. For the FPI, a = 6.331 - 102 °C,
b=1.213-10"! rad !, the R2-value is 0.9999 and the RMSE
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Fig.7. The calibration curve for the relative temperature change with the phase

change in the MZI after calibration with a CCG.

is £2.197 °C corresponding to +0.18%. A detailed description
of the evaluation of the FPI can be found in Ref. [8].

C. Comparison of Mach-Zehnder and Fabry-Pérot
Interferometer

The thermal response of the fibre was measured using both
interferometer configurations and compared to numerical sim-
ulations for different power settings of the COs-laser. Three
example results are shown in Fig. 8. For clarity, only every
100th point of the recorded FPI and MZI data is plotted. The
simulations were performed by the finite element method (FEM)
in COMSOL. The COs-laser beam incident on the 125 pm
was set as a Gaussian beam with a 1/e? diameter of 5 mm.
The temperature-dependent absorption coefficient of fused sil-
ica used was o(T) = 4m(1.82-10"2 +10.1-107° K (T —
273.15K))/Aco, withAco, = 10.6 um as reported in Ref. [12].
Convection was evaluated using the COMSOL settings for natu-
ral convection on a vertical cylinder. The temperature dependent
thermal conductivity, specific heat and emissivity used for the
model were obtained from Ref. [13]. The measured and the
simulated temperature responses show comparable behaviour.
The response upon heating the fibre at a time ¢ = 1 s appear
to be identical. As the fibre cooled down, after ¢ = 4 s, the
temperatures measured by the two interferometers were still in
good accordance while the simulated fibre cooled down slightly
faster. This was attributed to a disparity in the theoretical convec-
tion coefficient and the real world airflow conditions around the
fibre. An example of the simulated heat distribution in the fibre
cross-section is shown in Fig. 9. This simulation corresponds to
the highest temperature measured experimentally and the largest
thermal gradients that were present in the experiment. The
cross-sectional thermal gradient has a steady-state difference
of 15 °C from the hottest point on the fibre where the laser is
incident on the fibre to the coolest point on the far side. The
average temperatures along the respective interferometer paths
were ascertained from the simulations and found to only have a
difference in measured temperature of 0.5 °C in the hottest and
most extreme thermal gradient applicable here.
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Fig. 8. Example temperature responses of a vertically suspended optical fibre

when exposed to a COz-laser beam for a duration of 3 s. The data is shown
for three different output powers P of the COgz-laser. The blue line is the
corresponding FEM simulation of the system. The pink triangles and green
circles show the concurrent temperature response of the MZI and the FPI
respectively.

IV. DISCUSSION

The results from the MZI and FPI comparison, Fig. 8, show a
strong correlation. The response of each of these interferometer
configurations shows an identical temporal response. This indi-
cates that both the MZI and FPI were responding to the same
temperature change at the same vertical position in the fibre
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Fig. 9. Simulation of the thermal gradient across the 125 pm diameter fi-
bre cross-section. The plot corresponds to the highest temperature measured
(P = 26.5 WinFig. 8) att = 4 s. The average temperature of the cross-section
in this simulation was 1173.6 °C. The average temperature along the MZI (pink
triangle) and FPI (green line) paths in the simulation were 1173.9 °C and
1173.4 °C respectively. The average core temperature was 1174.2 °C.

with negligible thermal gradients across the transverse plane of
the fibre. Thus, these methods of temperature measurements are
interchangeable and the most appropriate method can be chosen
for a given application.

The phase shift of each interferometer was calibrated using
a CCG to give the temperature response of each measurement
method. With this calibration, the thermal responses measured
by both the FPI and MZI are identical. This demonstrated that
there was a negligible effect from the thermal gradients across
the fibre as both interferometers exhibited the same heating and
cooling curvature. This was corroborated with the simulation
results in Fig. 9. The simulation showed that the difference
between average temperature in the fibre cross-section, the core
temperature and the temperature measured across both the inter-
ferometer paths were smaller than 0.8 °C for the most extreme
heating case measured in these experiments. This verified that
both the average cladding temperature along the MZI path and
the core temperature (where the CCG is written) measured
comparable temperatures for a sample of this scale.

Since the simulation was in good agreement with the exper-
imentally found values and there was a negligible difference in
the temperature measured in different parts of the fibre cross-
section, a 125 pm fibre could be viewed as one-dimensional
in terms of thermal response. This is in agreement with the
assumption made in previous fibre heating models [14], [15].
For larger sample diameters, the thermal response in the centre
and cladding is expected to deviate as thermal gradients become
more significant.

A useful entity to compare the two interferometers are the
relative phase changes in the two configurations. It has been
shown in Ref. [8] that the phase change in the FPI configuration,
Ag, is related to the Bragg wavelength change through

27T710 L
ok Alg, (6)

where A is the Bragg wavelength of the CCG at room tempera-
ture (RT), ng is the refractive index of fused silica at RT for the

Ag =
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Fig. 10. The experimentally measured relation of the MZI phase change to

the phase change in the FPI in the cross-section of a silica optical fibre during
heating and cooling.

probing wavelength 4;, and L is the effective length of the cavity.
This relation holds for the MZI as well; providing a simple means
to apply the found calibration of phase change to temperature
change to different sample sizes or probe wavelengths in either
interferometer configuration. Combining 6 for the FPI and the
MZI leads to an equation describing the phase change relation
of the FPI and the MZI:

nvz  Lmz

A
Ad)MZ:i‘TFP’ﬂ'Ad)FPa

Az

(N

TFp
where npp = 1.461 1is the refractive index of silica at App =
532.0 nm, Lgp = 2 - d is the cavity length of the FPI, nyz =
1.457 is the refractive index at Ayz = 632.8 nm and Lyz =
kmz - d is the cavity length of the MZI, kyz is the MZI path
length scale factor and d = 125 pm is the fibre diameter. The
experimentally found relation between the two phase changes is
plotted in Fig. 10 and fitted by the linear regression

A¢nz = (1.08 £ 0.09) - Agrp, ®)

which is in good agreement with the theoretically expected value
1.09 for a circular fibre. Using the experimentally found value of
1.08, the MZI scale factor is deduced to be kyz = 2.566 which
corresponds to a fibre eccentricity of 0.975 (see Appendix A for
details). The cross-section of the fibre was examined under a mi-
croscope (Nikon Eclipse LV100) and the measured eccentricity
was 0.980 =+ 0.005.

The FPI has previously been shown to work as a non-contact
temperature sensor for an optical fibre [8]. Nonetheless, there are
limitations to this configuration imposed by the core material of
the fibre. If the core has a high index contrast, then multiple FPI
signals form and complicate the measurement. Additionally, if
the core is of a material that is opaque to the probe wavelength,
this blocks the optical path of the FPI. The advantage of the FPI
configuration is that it is relatively robust to fibre alignment and
subsequent vibration or movement.

The MZI has been shown to be a viable means of measuring
the core temperature by monitoring the OPL in the cladding at
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a specific point on an optical fibre. This interferometer configu-
ration functions even if the core material is opaque at the probe
beam wavelength. However, the MZI configuration is more
sensitive to slight misalignment and the error in the recorded
temperature-change increases for more elliptical or misaligned
fibres than it does for the FPI configuration due to the longer
optical path. The reason is that the measured temperature change
is obtained from the OPL and the latter can noticeably vary
from the OPL of a perfect circle for eccentricities of even a few
percent. A more detailed discussion of this effect is reviewed
in Appendix A. However, the ellipticity of the fibre can be
compensated for by having a priori knowledge of the exact fibre
geometry and orientation. This is a limitation of the MZI and
leads to a systematic error in the recorded temperature change of
up to 1.9% as discussed in Appendix A. In addition to the 0.7%
error from the CCG calibration, the temperature measured by the
MZI had a systematic offset of 2.6%. Especially compared to
the FPI, the MZI was more sensitive to alignment. As a specific
probe beam angle is required relative to the fibre surface, the
MZI is less robust in respect to the vibration or movement of
the fibre being measured. This ideal probe beam angle is also
slightly temperature depended as thermo-optics effects change
the refractive index of the material. This effect can be seen in
the fluctuations at higher temperatures in Fig. 10 as the MZI was
aligned to the ideal probe angle at room temperature.

‘With known calibration values for silica, both interferometers
can be scaled for different fibre diameters and different probe
wavelengths as described in 7. This allows for the measurement
of optical fibres of varying sizes with different probe beam wave-
lengths but also for the measurement of any circular structure
given a known OPL for each configuration.

V. CONCLUSION

Both Mach-Zehnder and Fabry-Pérot interferometer config-
urations have been assessed with a CCG for measuring the
temperature at a specific point on an optical fibre. The tem-
perature sensing capabilities of the MZI and the FPI have both
been verified with respect to each other and match the simulated
behaviour. The merits of each configuration have been analysed
and verified. The Mach-Zehnder interferometer was used to
measure the average temperature along a triangular path in the
fibre cladding up to 1174 °C 4 31 °C. It has been shown that the
Mach-Zehnder interferometer configuration is a viable means of
remotely measuring the precise temperature of an optical fibre
in real-time.

APPENDIX A
EFFECT OF SAMPLE ELLIPTICITY ON TEMPERATURE PROBING

In a circular fibre, the triangular Mach-Zehnder path length
can be calculated using the law of reflection, Snell’s law, and
geometry. In this case, the path must be an equilateral triangle
that has a perimeter of Lyz = kyzd = 3v/3d /2 where kyiz is
the Mach-Zehnder optical path length scale factor and d is the
diameter of the fibre sample. In reality, optical fibres have some
ellipticity to the cross sectional area. For commercially available
fibres, this is typically an eccentricity that varies by =~ 1% from
anideal circle. The eccentricity can be much higher for speciality
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Fig. 11.  An optical path through an elliptical fibre cross-section that satisfies

the Mach-Zehnder interferometer conditions of having a parallel reference beam
and probe beam. The grey dots are the focuses of an ellipse with an eccentricity
of 0.99. The point of incidence is rotated 15° from the semi-minor axis of the
ellipse. This condition then has a corresponding MZI input angle of 55.6°.

optical fibres drawn in research facilities. This is also an area
where thermally post-processed fibres are of particular interest.
Thus, it is necessary to know the impact the fibre ellipticity has
on the OPL and subsequently on the temperature measurement.
Fig. 11 illustrates an example optical path in an elliptical fibre
found using geometrical optics. The external reflection and the
output signal beam are parallel and produce an interference pat-
tern. Once the criteria for a MZI have been met, the geometrical
optics give the path length scale factor kyz = 3v/3d/2. For an
elliptical fibre the path length scale factor ki, can differ by
a few percent. The example fibre depicted in Fig. 11 has an
eccentricity of 0.99. In this case, the found OPL is 0.5% shorter
than the expected 3v/3d /2. Using 7 and 5 this corresponds to a
systematic error in the measured temperature of up to 1.5%. It
is of note that at eccentricities higher than 5%, the conditions
for the MZI are no longer satisfied as the necessary incident
angle lies outside of the Brewster angle for silica. At this point,
the largest deviation in OPL is ~2.8% which corresponds to a
temperature measurement error upper limit of ~1.9%.

The other main caveat of this analysis is that for eccentricities
of greater than 1%, the necessary conditions to form a Mach-
Zehnder interferometer can only be met when the probe beam is
incident on one of the axes of the ellipse. So for more elliptical
fibres, greater control of the fibre orientation is required. The
MZI optical path length of a fibre with a known ellipticity and
orientation can be calculated and the temperature of particularly
elliptical samples can be accurately measured. The calculated
path length adjustment required for an on-axis probe beam is
shown in Fig. 12 and fitted by the linear regression

Kz bz = 0.5 - dyy/dy + 0.5, 9)
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Fig. 12.  The adjustment to the MZI optical path length required for a probe

beam incident on the axis of an elliptical fibre. Where d,, and d are the fibre
diameters d, in the y and « directions respectively as is in Fig. 11.
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Fig. 13.  Intensity response function of the MZI. The dashed line at » = 0.22

corresponds to fused silica.

APPENDIX B
INTENSITY IN THE MZI INTERFERENCE PATTERN

The initial probe beam for a Mach-Zehnder type interferom-
eter is assumed to have an amplitude ay. It is partially reflected
by the optical fibre so that the first reflection has an amplitude
ay = ag - r, where r is the amplitude reflection coefficient for
the air-glass interface. The amplitude of the internally refracted
and reflected probe beam is given by

ag = aptt'r%e™® (1 +r3ei? 4 (T36i¢)2 +-- ) . (10)
where 77 is the amplitude reflection coefficient for the glass-air
interface, t and ¢’ are the amplitude transmission coefficients for
the air-glass and glass-air interfaces respectively and ¢ is the
phase the internal beam gains with each round trip inside the
cavity. Using the Stokes relations, it follows that the amplitude
of the overlapping probe beam and reference beam is given by

1+ ret®

1+ %o (1)

a1 +ay=ap-T
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Fig. 14.  Slice of the intensity response function of the MZI for r = 0.22 with

a sinusoidal fit Iyiz/Ip = A + B - cos(2¢), where I is the initial laser beam
intensity, A = 0.048 and B = 0.019.

The intensity response function Iz of the MZI is then de-
scribed by
2

a1 + as s

ao

5 T2 4 2rcos(2¢) + 1
r ,
76 + 273 cos(2¢) + 1

where I is the initial laser beam intensity. This intensity re-
sponse function is plotted in Fig. 13 for r-values r € [0, 1] and
phase values ¢[ rad] € [—2, 27].

For an air-silica interface, the amplitude reflection coefficient
is 7 = 0.22. The corresponding slice of the intensity response
function is plotted in Fig. 14 and fitted by 2. Here, A = 0.048
and B = 0.019 and the R?-value is 0.9999. Given that the R?-
value is approximately 1, for an air-silica interface, the intensity
response function can be assumed to have a sinusoidal behaviour.

Ivyz=1- , (12)
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