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Abstract—An ultra-compact fiber tip Michelson interferometer (MI), primarily aimed for a
reproducible and stable high-temperature sensing probe is developed and demonstrated. Both single-
mode fiber (SMF) and polarization maintaining fiber (PMF) are considered and compared. The tip MI
is fabricated by only using a one-step partial-polishing technique, which forms a half oblique and half
vertical end face and functions as a beam splitter. A wide spectra analysis proved that the interferometer
has an optical path difference (OPD) that is consistent across samples. When the lead-in fiber suffers
from bending or twisting, the interference spectrum for the PMF case is more stable than that for the
SMF case. Experimental results show a linear average temperature sensitivity of 15.15pm/°C in the
range of 100°C to 1000°C for three tested PMF samples, and the difference between the sensitivities of
the samples is less than 4.0%. The ease of fabrication, highly compact structure, reproducibility, and
excellent resistance to mechanical disturbance performance suggest that the proposed PMF tip MI is
highly promising as a high temperature sensing probe with high spatial resolution.

1. INTRODUCTION

Fiber interferometers are a class of devices of considerable interest for a wide range of sensing applications
due to their compactness, ease of fabrication, and convenient operation. Various methods to fabricate
fiber interferometers sensors have been reported [1-3]. Of special interest are the Fabry-Perot (FP)
interferometers, which have many advantages such as high resolution and wide wavelength operation
range. Splicing a conventional single mode fiber (SMF) and a section of photonic crystal fiber (PCF)
together can form a micro-cavity at the splice joint [4,5]. Liu et al. [6] formed an optical fiber Fabry-
Perot relative humidity sensor by splicing a short section of hollow-core photonic crystal fiber (HCPCF)
to single mode fiber and covering chitosan film at the end of HCPCF that shows good stability and
fact response time less than 1 min. Su et al. [7] built an FP interferometer by splicing a suspended-core
optical fiber (SCF) to the single-mode fiber for high-temperature sensing. The temperature sensitivity
was 12.51 pm/°C over the temperature range of 50-800°C. Relying on simple cleaving and splicing,
optical fiber fused splicing technology is quite easy and reliable. The fiber tip FP interferometers made
by fiber cleaving and splicing technology are frequently reported for high-temperature measurement [8—
12]. This is a simple and low-cost method to fabricate an FP interferometer or other types of sensors
such as Mach-Zehnder interferometer [13]; however, it suffers from low reproducibility since the length
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of the FP cavity cannot be accurately controlled, which means that each sensor produced needs to be
calibrated separately before it can be used for sensing purposes. Femtosecond laser pulses with extremely
high peak power have been successfully used to directly write FP structures [14-16], a high-precision
method which is effective and reproducible. The same technique has also been used to fabricate a
fiber tip Michelson interferometer (MI) sensor that operates in a reflection mode for detection and that
exhibits high refractive index (RI) sensitivity [17]. They etched off part of the fiber core, then coated
the end face with silver film to enhance the reflectivity, forming the MI fiber tip interferometer with
an open micro-cavity used as the RI sensor, which exhibits a compact sensor head, good mechanical
reliability, wide operation range, and high sensitivity of 975 nm/RI unit at an RI value of 1.484. However,
fabrication using a femtosecond laser is typically prohibitively costly for most practical applications.

Angled fibers fabricated by end-polishing techniques have been widely used to implement fiber
interferometer sensors for the detection of e.g., pressure [18-20], temperature [21], and sound
[22,23]. These structures are highly sensitive and integrated, especially in [18,19], and the cross-axial
configuration that the FP cavity is on the side of the fiber instead of the end of the fiber exhibits a
great advantage in measuring static pressure of fluid. However, they tend to be complex to fabricate
due to the necessity of external reflective surfaces. The structure of all-fiber with simple fabrication
and compact structure is obviously more promising in temperature sensing [24-26]. In 2016, Yin et
al. proposed a two-step polishing technique to fabricate an assembly-Free-Based Fiber-Optic MI for the
first time and did preliminary study on high temperature sensing [25], without involving the study of
reproduction and other properties. In 2020, an all-fiber FP interferometer based on an angled fiber
sensor, which realizes temperature sensing through interference between light reflected directly back to
the fiber core and light first reflected to the cladding and subsequently coupled into the fiber core, was
proposed by Zhang et al. [24], which has advantages of ease of fabrication and all-fiber characteristics.
However, similar to other traditional FP sensors, the optical path difference (OPD) and temperature
sensitivity of this interference structure are both affected by the machining error, which results in
low reproducibility. Moreover, such SMF based tip polished sensors will be greatly influenced by the
coupling effect of two orthogonal polarization states of fundamental mode in lead-in SMF, which make
the interference spectrum unstable when lead-in SMF suffers from bending, pressing, or twisting.

With the purpose of realizing the benefits of such devices while not suffering from the fabrication and
polarization dependence drawbacks of previous designs, in this paper, we mainly focus on developing and
experimentally studying a reproducible and stable fiber tip MI based on polarization maintaining fiber
(PMF). Compared to the previous work reported by Yin et al. [25], the angled PMF tip is fabricated by
only using a one-step partial-polishing technique, which is an effective method to control both the oblique
angle and polishing depth. Experimental studies show that the OPD between the beams is consistent
across different samples, which ensures fabrication repeatability. Furthermore, the interference spectrum
keeps stable when the lead-in PMF suffers from bending, twisting, and even shaking. As for the
application of high temperature sensing, the all-fiber structure ensures the reproducibility and stability
of the sensor in high temperature environment, and the anneal effect is also found in this research. In
addition, compared to most of the MZ based high-temperature sensors [10, 27, 28], the proposed fiber
tip MI operates in a reflection mode of detection, which is more convenient for practically high spatial
detection.

2. OPERATING PRINCIPLE AND FABRICATION

2.1. Operating Principle

Figures 1(a) and (b) show the cross section and a structure schematic of the proposed PMF tip MI,
where half of the tip (core and cladding) is polished to 45°, and the polished plane is parallel to the
slow axis of PMF. For p-polarized input light, it will be split into two perpendicular beams, F;, and
E, ,,, with a splitting factor v, = E1 ,/(E1p+ E2,) that is dependent on the polishing depth. The light
reflected by the oblique part of the fiber tip core, E5 ,, is normally incident on the cladding side surface
and reflected back to the core where it recombines with Ej ,, with resulting interference. Assuming
that the p-polarized light amplitude of the electrical field launched into the fiber is Ejy ,, the output
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Figure 1. (a) The schematic cross section of PMF. (b) Configuration of the polished PMF tip MI.

intensity of p-light is:
Iout,p = (EO,p : 'Yp)2 : Rco—O,p + [EO,p ) (1 - 7?)]2 ’ Rzo—45,p ’ Rcl—O,p " Qp

+2. Eg,p “Yp - (1 - ’Yp) : Rcof45,p : \/RcofO,p . Rcl—O,p CQp - COS(SO;D) (1)
where R.,_0p and R;_¢, are the p-light reflectivity at the normal part of the core end face and the
cladding side surface; Rc,—45p is the p-light reflectivity at the oblique part of the core end face; «
is the coupling coefficient of the p-light reflected beam in the cladding into the core, which is mainly
dependent on the oblique angle and flatness of the polished surface. ¢, is the phase difference between
the two p-polarized reflected beams.

op = 2mE/ N+ 200 5+ @op (2)
A is the wavelength & Ay, and ¢g, is the OPD, the phase change of Fresnel reflection and initial
phase difference between the two p-polarized reflected beams, respectively. Similarly, for s-polarized
input light, the output intensity and the phase difference of s-light can be expressed as:

Iout,s - (EO,S : 78)2 : Rco—[),s + [EO,S : (1 - 78)]2 : 330745,5 : Rclf(),s c Qs

+2- EaS * Vs - (1 - 75) “Reo—a5.5 - \/Rco—O,s "Ry s - COS(SOS) (3)
Ys = 27T§/>\ + 2A()0,s + ©o_s (4)

It should be noticed that the initial input electrical amplitude, reflectivity at the end-face, and
the phase change induced by Fresnel reflection are different between p-polarized and s-polarized light.
Therefore, the total output is the superimposed interference spectrum of the two orthogonal polarization
states. Due to the slight birefringence difference in SMF, two orthogonal polarization states will couple
to each other easily when SMF is disturbed, namely the composite output spectrum is unstable.
Fortunately, PMF with large birefringence can maintain the polarization of probe light. Once the
polarization of input light is determined, the output interferometric spectrum keeps stable even PMF
suffers from disturbance, such as bending or twisting.

For simplifying the analysis, considering that the core of SMF is in the center of the fiber and
ignoring the RI difference between the core and the cladding, the optical path difference £ can be
expressed as 2nL, where n is the RI of the fiber cladding, and L is the distance from core oblique end
face to the cladding side surface that is equal to fiber radius r.

Considering the negligible RI difference between the core and cladding of the SMF, we can
reasonably assume R.,_0p = Re—0p and Reo—0s = Re—o.s, and we denote Ryiper-airp and R fiper-air_s
in the following for p-light and s-light, respectively. The RI of the core is about 1.4681 (Nufern, USA,
PM1550-XP), and due to the characteristics of total reflection, R.o—45, = 1. From Eq. (1) we thus find
the reflected spectrum of p-plight and s-light and the superimposed reflected spectrum to be:

Rp = Iout,p/Iin,p = (’7p)2 : Rfiber—air,p + (]— - 7;0)2 : Rfiber—air,p s Qyp
+2- Tp - (1 - ’717) . Rfiber—air,p : \/Oéip : COS(27T£/)‘ +2- A(,Dfp + 90040)
= Ap+ By - cos(2mE /X + 0p) (5)
Rs - Iout,s/Iin,s = (73)2 . Rfiber-air,s + (1 - 75)2 . Rfiber-air,s + Qg
+2 s (1 - ’Ys) : Rfiber—air,s : \/@ : COS(2F€/AS +2. A(P,s + SOO,S)
= As + Bs - cos(2m& /N + d5) (6)
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Riotal = Rp+ Rs = Ap + As + By - cos(2mE /X + d5) + Bs - cos(2mE /X + 0)
= Atotal + Btotal : COS(27T€/)‘ + 5total) (7)

where Biptqr and dy0pq; are the amplitude and phase of superimposed reflected spectrum, which can be
expressed as:

Biotar = \/Bg + B2 + 2B, B, cos(dp — 0s) (8)
Stotal = act tan [(Bysind, + By sinds) /(B cos 0 + By cos 0s)] 9)

Egs. (8) and (9) show that the amplitude and phase of the superimposed reflected spectrum are both
relative to the amplitude and phase of p-light and s-light spectrum, namely strong determined by the
initial polarization state of the input light.

When the phase term satisfies the condition 4mnL/\ + ¢ = (2m + 1)7, where m is an integer, we
find a reflectivity minimum at resonant wavelengths of p-plight and s-light which are:

Adipp = 4mnL/[(2m + 1)7 — (Ap_p + ¢op)] (10)
Adip.s = 4mnL/[(2m 4+ 1)m — (Ap_s + @os)] (11)

Egs. (10) and (11) show that the resonant wavelengths of p-light and s-light in the interference
spectrum are different because of the different phase changes induced by Fresnel reflection and are
both proportional to the RI and radius of cladding. As evident from Egs. (10) and (11), the spectrum
will drift as the temperature changes, and the temperature sensitivities of p-light and s-light can be
expressed as [29]:

ANdip p/ AT = Ngipp - [An/n - AT + AL/(L - AT)] = Nipp - (K/n+0) (12)
AXgip s/ AT = Ngip_s - [An/n - AT + AL/(L - AT)] = Naip_s - (k/n+0) (13)

where An and AL are the variation of fiber cladding RI and cladding radius L caused by temperature
change. x is the thermo-optic coefficient of silica, ~ 1.28 x 1073 /°C [30], and o is the thermal expansion
coefficient of silica, ~ 5.5 x 1077/°C [31]. The temperature sensitivities are different since the resonant
wavelengths of p-light and s-light are slightly different. By substituting the above parameters into the
formula (9) or (10), the theoretical temperature sensitivity of the structure can be calculated as about
14.4pm/°C at 1550 nm.

2.2. Fabrication

Figure 2 illustrates the fabrication of the PMF MI tip. An optical fiber end face polishing machine,
shown in Figure 2(a), with the ability to polish optical fibers at selectable and variable angles with an
angle tolerance of +1.5° and a depth tolerance of +3 wm, was fabricated in-house. To obtain a PMF
tip MI with a suitable fringe visibility, the oblique angle and polishing depth are preliminarily designed
to be 45° and 62.5 um, respectively. A cleaved PMF is fastened in a fiber clamp with an adjustable
oblique angle, and the fiber tip is adjusted to connect with the polishing pan at a designed angle of
45°. A microscope is used to observe the fiber tip, and a spectrometer is used to monitor the reflection
of the fiber to estimate the polishing depth. Diamond sandpaper with roughness of 4000 mesh is used
for polishing optical fiber end face. In this experiment, the polished plane is parallel to the slow axis
of PMF. The spectrometer continuously scans the spectrum in the range 1500 nm to 1600 nm with a
resolution of 0.5 nm, and the interference spectrum with periodic fluctuation appearing in the spectrum
indicates that the polishing plane has reached the fiber core. Figure 2(b) shows the fabricated PMF tip
MI, and the inset is the microscope image of polished cross section of PMF tip.

3. CHARACTERIZATION AND EXPERIMENT VERIFICATION

3.1. Influence of Polarization

To study the influence of the input light polarization, we prepared angled fiber samples of SMF and
PMF with oblique angles of ~ 45°, all having the same polishing depth of 62 + 3 um. First, different
polarization states of input laser source are randomly set by controlling the fiber polarization controller.
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Figure 2. Configuration of a PMF tip MI. (a) Setup of the fiber tip polishing process. (b) Micrograph
of the fiber tip MI. Inset in Figure 2 (b): the microscope image of polished cross section.
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Figure 3. The reflected spectrums of (a) SMF and (b) PMF tip MI samples with different input light
polarization.

The reflected spectrums of SMF and PMF tip MI samples with different input light polarizations are
recorded and shown in Figures 3(a) and (b). Experimental results verify that the composite interference
spectrums of SMF based and PMF based tip Mls are both affected by the initial input light polarization,
which is consistent with the theoretical analysis.

In addition, lead-in fiber sections of SMF tip MI and PMF tip MI samples are fixed on two parallel
moving stages successively, and different bending radii can be adjusted by moving one of the stages.
Figures 4(a) and (b) show the reflected spectrums of SMF and PMF tip MI samples with and without
bending the lead-in fiber section, respectively. Then, lead-in fiber sections of these two types of samples
are installed in a rotated fiber clamp to twist the fiber. Figures 4(c) and (d) represent the reflected
spectrums of SMF and PMF tip MI samples with and without twisting the lead-in fiber section. It can
be clearly seen that SMF based sample is obviously influenced by bending or twisting, while PMF based
sample is not. Experimental results show that the PMF based tip MI sensor has excellent stability even
with lead-in PMF section suffering from mechanical disturbance.

3.2. Reproduction Capacity

To estimate the reproducibility of the PMF tip MI, we prepared several samples successively with
the same process, and the polishing angles and polishing depths of these samples were 45 + 1.5° and
62+ 3 wm, respectively. The reflection spectra were measured in the range 1300-1630 nm, and the input
polarization keeps the same during the measurement. The purpose of expanding the spectral width was
to obtain sufficient spectral data to improve the calculation accuracy of L. According to Egs. (5) and
(6), the R-\ spectra of the interferometers that represent the variation of reflectivity with wavelength
are not strictly periodic; however, the R-1/\ spectra that represent the variation of reflectivity with
inverse wavelength are periodic as the independent variable is 1/, and the period is 1/2nL theoretically.

Using the spectral data, with the wavelength replaced with its inverse, the R-1/\ spectra of the



94 Wu et al.

-26 -26

—— SMF without bending —— PMF without bending
-28F — — SMF with bending (a) 28| A = —. PMF with bending (b)
30} .
n =30 H
2 3
234 2-32
=z =z
536 S 34l
g =
= -38
2 & -36F
-40
0 381 PMF
-44 ! ! ! ! -40 ! L L L
1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)
-26 - — -26
—— SMF without twisting —— PMF without twisting d
-28 | = = SMF with twisting (C) 28| = — PMF with twisting ( )
En
= o -30H
8 o} 8
234} 2-32
2z 2z
5 -361 S -34
= 38} =
[5) S 361
& 40l 7
381
42k
1 1 1 1 1 1 40 PMF:I 1 1 1
1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)

Figure 4. The reflected spectrums of (a) SMF and (b) PMF tip MI samples with and without bending
the lead-in fiber section. The reflected spectrums of (¢) SMF and (d) PMF tip MI samples with and
without twisting the lead-in fiber section.
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Figure 5. (a) Reflectivity varies with 1/X of three samples with A in the range 1300-1630 nm. (b) FFT
spectra of the spectra shown in (a).

three samples, shown in Figure 5(a), were obtained by resampling of the R-1/X\ data. The OPD of
the interferometer, 2nL, can be calculated directly by a Fourier transformation of the R-1/\ spectra
according to Eqs. (5) and (6). The Fourier transform curves are shown in Figure 5(b), and as can be
seen from the figure, the frequency peaks of three samples are 179.739 um with a frequency resolution
of 6.421 um. L can be calculated by:

L= fpeak/2n (14)

where n is the RI of fiber cladding, which is about 1.4628 (Nufern, USA, PM1550-XP), and fpeqr is
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the peak frequency of the R-1/A spectra Fourier transform curves. The calculated result is that L, the
distance from core oblique end face to the cladding side surface, of all three samples is about 61.4 um,
that is nearly equal to the fiber radius 62.5 um. The result shows that the PMF tip MI we proposed
has a fixed OPD that is not affected by processing error, i.e., the proposed fiber tip MI is reproducible.

3.3. High-Temperature Sensing

To verify the high temperature response of the PMF tip MI, we experimentally tested the temperature
responses of three samples with polishing angle of 45 4+ 1.5° and polishing depth of 62 + 3 um prepared
with the same process (45° and 62 um are the design parameters, and +1.5° and £3 um are process
errors, respectively). The PMF tip MI is placed into tubular oven that has a temperature range from
50°C to 1200°C, and a thermocouple is used for temperature measurement near the MI probe, as shown
in Figure 6. The temperature performance was characterized by tracking the dips near 1550 nm in the
reflection spectra of the three samples. Figures 7(a), (c), and (e) show the reflection spectra of the PMF
tip MI at different temperatures, and we find that the spectra are linearly red-shifted with increasing
temperature.

|

= Tubular Oven Calibration

thermocouple

" Circulator PC

Sensor head

_osa "
N EEERD

Figure 6. Schematic of the experimental setup.

Prior to temperature calibration, the sensors were annealed for half an hour at 1000°C. Figures 7(a)
and (b) show the different temperature response spectrums and linear fitting results of Sample 1 before
and after annealing, indicating that the annealing treatment can release residual stress in the fiber,
which is of importance to ensure the reliability and reversibility of the fiber temperature probe. The
wavelength shifts of the resonant dip around 1550 nm of Sample 1 during additional heating and cooling
in the range of 100°C to 1000°C are also performed. It can be seen that the temperature response of
Sample 1 has a good linearity (R? = 0.9964) after annealing, and the measured results of heating and
cooling process are in good agreement that indicates the reversibility for high-temperature sensing. For
comparison, resonant wavelength shifts nearest to 1550 nm of Samples 2 and 3 after annealing is plotted
in Figures 7(c)—(d) and (e)—(f), respectively. In both cases, the results show that the temperature
responses of heating and cooling have a good coincidence, and the relationship between the wavelength
shift and temperature change is highly linear. We find the temperature sensitivities of the three samples
to be 14.93 pm/°C, 15.54pm/°C, and 14.99 pm/°C, which are consistent well with the theoretical value
of 14.4pm/°C. The difference between measured and theoretical values may be caused by the deviation
of practical thermal expansion coefficient, thermo-optic coefficient, and the RI of silica. The difference
between the sensitivities of the samples and their average sensitivity of 15.15pm/°C is less than 4.0%,
again demonstrating the reproducibility of the PMF tip MI.

A comparison of the sensor structure, sensitivity, linear range, detection mode, and fabrication of
the various typical high temperature sensors reported in the previous work done in recent years and this
work is presented in Table 1. The sensitivity of the proposed high temperature sensor is at the same level
as that of most types of high temperature sensors, which are mainly determined by the properties of
silica material. High temperature sensor based on MZI has always shown high temperature sensitivity,
and it is often accompanied by transmission detection mode and complex preparation process, which
leads to the lack of compactness. Similar to the fabrication of fusing splicing fiber, the fabrication of
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Figure 7. Measured temperature spectral response of (a) Sample 1, (¢) Sample 2, and (e) Sample 3.
Wavelength shift of the dip as a function of temperature during heating and cooling processes in (b)
Sample 1, (d) Sample 2 and, (e) Sample 3. The first heating scatter plot in (b) shows the temperature
response of Sample 1 before annealing.

Table 1. Characteristics comparison of some typical high temperature optical fiber sensors.

Sensor Sensitivity Linear Sensing length along . . Reproduci-
Reference o ° . A Fabrication .
Structure (pm/°) Range (°) fiber direction bility
Ti k.
[7] P I;al(j:laged 12.51 50-800 ~ 81.7 um Fusing splicing Average
[12] Sapphire FPI 13.57 20-1000 ~ 600 pm Fusing splicing Average
[28] MZ1 87 30-1000 ~ 8 mm Tapering Average
F
[32] Tilted FBG 15.72 Up to 800 ~ 5mm emltosecond Good
aser
[33] HC-PCF 15.68 200-1200 ~ 1-4 mm Fusing splicing Average
This Tip MI 15.15 100-1000 A few pm One-step Good
work Polishing
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tapering will greatly reduce the mechanical strength, vibration resistance, and stability of the sensor
structure, and these preparation processes are often difficult to control and achieve repeated production.
Compared with other types of high temperature optical fiber sensors, the proposed PMF tip MI has a
compact and stable structure formed by a single one-step polishing process and can achieve repeated
production, low cost, and especially immune to mechanical disturbances.

4. CONCLUSION

A highly compact and reproducible all-fiber tip Michelson interferometer based on polarization
maintaining fiber was developed and experimentally demonstrated. This structure is easily fabricated
by only partial polishing of the fiber end face once. The influence of polarization and the reproducibility
of the structure were investigated theoretically and experimentally.  Sample high-temperature
measurements were carried out, and the temperature sensitivities of 14.93 pm/°C, 15.54pm/°C, and
14.99pm/°C were obtained for three samples after annealing treatment. The difference between
the sensitivities of these tested samples is less than 4.0%. Being easily fabricated, having good
reproducibility and excellent performance of mechanical stability, the proposed PMF base tip Michelson
interferometer has good prospects for mass-produced fiber high temperature sensors with high spatial
resolution.
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