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Abstract

Due to the unique properties of fibre interferometers, such as low cost, easy alignment, and
light weight, they have become popular in scientific research. However, optical fibre is susceptible
to environmental noise, including pressure perturbations, acoustic vibrations, and temperature
variations. In some specialized applications, such as frequency references, optical fibre sensing, and

metrology, a stable fibre interferometer is strongly required.

Various methods have been proposed to reduce fibre interferometers’ sensitivities, especially
the sensitivity to temperature. These methods generally have not achieved zero thermal sensitivity at
room temperature and sometimes require cryogenic environment. The motivation behind this project
is to build a thermally insensitive fibre interferometer that operates at room temperature without the

need for a vacuum environment or an expensive thermal control system.

In this thesis, a compensated delay-line fibre interferometer structure is proposed to achieve
zero thermal sensitivity. One arm is constructed with a long length of hollow-core fibre (HCF) with
low thermal sensitivity to provide optical delay, while the other arm is made of a short standard
single-mode fibre (SSMF) with high thermal sensitivity to compensate for the thermally induced
phase accumulation in the HCF arm. Simulation results in COMSOL with different winding patterns
show that the thermal stability of this design is 1000 times better than that of SMF-based

interferometers.

A prototype of the compensated Mach-Zehnder fibre interferometer is fabricated and
characterized. The results demonstrate that the coating of HCF significantly affects the thermal
response. By employing thinly-coated HCF and single mode fibre (SMF), the first generation of the
thermally insensitive fibre interferometer is fabricated and characterized. It crosses zero sensitivity
at 28°C, and the zero-crossing temperature can be tuned by adjusting the length of SMF in the
compensation arm. Furthermore, it exhibits 1000 times better thermal stability than SSMF within a
+1°C range. Unfortunately, the thinly-coated HCF was found to suffer from random breaks when

coiled over extended period of time.

The second generation of the interferometer benefited from mechanically stable HCF with
thicker coating, effect of which was offset by using larger silica glass jacket. The long-term frequency
instability (Af /f) of this thermally insensitive interferometer reaches 107 at averaging time of 1000
seconds. Additionally, by reducing the Fresnel reflections at the SSMF-HCF interfaces, the Mach-
Zehnder interferometer was upgraded to a Michelson interferometer with Faraday rotator mirrors
(FRM), which is polarization insensitive and provide double the delay length. This represented the

third compensated interferometer generation.



Lastly, the application of laser stabilization to the thermally insensitive fibre interferometer
was demonstrated, showing over an order-of-magnitude improvement in the long-term stability of
the laser frequency when compared to a free-running laser. we believe this low-cost and high-
performance thermally insensitive fibre interferometer will be of interest in various scientific

research applications.
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Abbreviations

AOM: acousto-optic modulator

AR coating: anti-reflective coating

AREF: antiresonant hollow core fibre

BS: beam splitter

CTE: coefficient of thermal expansion

CTF: conjoined-tube fibre

DFB EDFL: distributed feedback external diode fibre laser

DNANTF: double nested antiresonant nodeless hollow core fibre

ECDL: external cavity diode laser

EOM: electro-optic modulator

FDL: fibre delay-line

FP cavity: Fabry-Perot cavity

FPI: Fabry-Perot interferometer

FRM: Faraday rotator mirror

FTIR: Fourier transform infrared spectroscopy

GRIN: gradient refractive index fibre

HCEF: hollow core fibre

HOM: high order mode

Iso: optical isolator

LIGO: laser interferometer gravitational-wave observatory

LPF: low pass filter



MA: mode adapter

MFD: mode field diameter

MI: Michelson interferometer

MIOC: multifunctional integrated optical chip

MZI: Mach-Zehnder interferometer

NANF: nested antiresonant nodeless hollow core fibre

OFDR: optical frequency domain reflectometry

ORC: optoelectronic research centre

OTDR: optical time domain reflectometry

PBGF: photonic bandgap hollow core fibre

PBS: polarization beam splitter

PD: photodetector

PDE: partial differential equation

PDH: Pound-Drever-Hall

PER: polarization extinction ratio

PID: proportional-integral-derivative

PM: polarization maintenance

RF: radio frequency

SMF: single mode fibre

SSMEF: standard single mode fibre

TEC: thermo-electric cooler

T-HCF: thinly-coated HCF

T-SSMF: thinly-coated standard SMF



ULE: ultra-low expansion
VCO: voltage-controlled oscillator

¢ -OTDR: phase sensitive optical time domain reflectometry
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Chapter 1 Introduction

In this chapter, we briefly introduce the thesis topics following the motivation and

description of novelty of my work. Finally, we give the structure of the thesis.

1.1 Fibre Interferometers

1.1.1 Interferometry and interferometers

In 1678, Huygens proposed the wave theory of light against Newton’s particle theory of light,
and in 1803, Thomas Young described his famous interference experiment known as the double-slit
experiment to support this theory [1], as depicted in FIGURE 1.1. In this experiment, coherent light
emanating from slit 4 is subsequently split by two slits, B and C, and the diffracted two beams then
overlap and interfere with each other on the screen. The observed result is an alternating pattern of
bright and dark fringes, referred to as an interference pattern, which proves that light behaves like a
wave as it exhibits interference effects characteristic of wave phenomena. Later, various
interferometers are proposed to test the speed of light [2], like the Michelson interferometer (MI) [3],
Mach-Zehnder interferometer (MZI) [4], Fizeau-Foucault apparatus [5], the Sagnac interferometer
[6], and others, which inspired the development of interferometry. Here we introduce some of them

that are relevant to the subsequent content.
B I
) )>>
|
| ]) >>>
S1 S2

FIGURE 1.1. Schematic of Young’s double-slit experiment.

Michelson and Morley proposed the important interferometric configuration, the Michelson
interferometer, and conducted experiment to prove against the existence of acther that Einstein's

theory of special relativity had discarded. The configuration of Michelson interferometer is shown
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Chapter 1 Introduction

in FIGURE 1.2. The incident light beam is split into two paths, and the two beams are then reflected
by the mirrors and overlapped together after passing through the beam splitter (BS). The resulting
coherent pattern is detected by the photodetector, and any perturbation in arms will cause a change
in pattern. Back to Michelson-Morley’s experiment, one arm of the interferometer follows the
direction of Earth’s rotation, and the other one is perpendicular to it. If the acther existed, the dragging
effect would cause a speed difference between the two beams and lead to a pattern shift. However,
no interference shift was detected, which means there is no observable difference in the speed of

light in the perpendicular directions.

Mirror

;

N
-@ﬂ Mirror
BS

Light

source

\{

Detector

FIGURE 1.2. Configuration of Michelson interferometer

Sagnac interferometer was built by Georges Sagnac who set up the experiment to prove the
existence of the aether. The structure is shown in FIGURE 1.3, a beam of light is split into two beams
by the BS, and the two beams are made to propagate through the same paths but in opposite directions
and out of loop at the enter point, the interference is detected by a photodetector. The relative phase
difference is dependent on the angular velocity of the apparatus. If there is no rotation of the frame,

no shifting interference patter could be observed.
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PBS
Mirror Counterclockwise
pr—
Clockwise
N
& —
— .
. Mirror
Light Beam Spliter
source .

Detector

FIGURE 1.3. Configuration of Sagnac interferometer

FIGURE 1.4 shows the configuration of a Mach-Zehnder interferometer. A light beam is
split into two beams, which propagate through two different optical paths. Subsequently, they are
reflected by the mirrors into BS to overlap with each other; the transmitted interference signal is then
detected by the photodetector. When there is a perturbation in either arm, such as air flow, air pressure
variation, or length perturbation, et at., the relative phase between the two beams varies. This phase

perturbation is then observed in the form of fringes shift or amplitude variations.

Mirror
YA

Detector

b

4
BS Mirror

Light
source

FIGURE 1.4. Configuration of Mach Zehnder interferometer
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Fabry-Perot interferometer (FPI), also known as etalon is an optical cavity formed by two
parallel reflective surfaces (i.e., mirrors) [7]. Unlike the interferometers introduced above, it detects
the interference of multi-waves. As seen from FIGURE 1.5, the light incident into the cavity is
reflected many times and passes through the cavity only when the phase difference of the overlapping
waves out of the mirror is integer multiple of 7 (resonance condition), which is determined by the
wavelength of incident light, length, and refractive index of cavity. The FPI was developed by

Charles Fabry and Alfred Perot and is widely used in wavelength measurement.

Light

source

Detector

AV

Lens

Mirror Mirror

FIGURE 1.5. Configuration of Fabry-Perot interferometer

Interferometers are widely used in scientific research areas, such as metrology [8], sensing
[9], optical filtering [10]. One of the most famous applications is laser interferometer gravitational-

wave observatory (LIGO) [11], shown in FIGURE 1.6.

GRAVITATIONAL WAVE  BLACK HOLE

MIRROR

LIGHT DETECTOR

FIGURE 1.6. The schematic of LIGO from [12].
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LIGO is a giant Michelson interferometer, of which two arms are 4 km long and
perpendicular with each other. The ultra stable laser sends the light into the instrument and the beam
is split along two arms. The light is bounced back by the reflection of mirrors. Normally, the light
waves from two arms return and cancel each other at the output due to the identical configuration of
two arms. When there is a gravitational-wave pass through the two arms, which will affect the length

of two arms, and the uncancelled light waves will be received by the detector.

Beside the giant gravitational-wave detector, Michelson interferometer can also be employed
in Fourier transform infrared spectroscopy (FTIR) [13]. Here the light source is polychromatic
infrared light, by moving one of the mirrors, collecting the interference light after the absorption of

material under test, and using the Fourier transform, the spectroscopy is obtained.

Another important application of interferometer is used for laser stabilization. Recently, the
frequency instability of highest performance laser is reported to be 1077 in 1 s, which is calculated
by counting the beat frequency with another stabilized laser (same configurations). It is achieved by
stabilizing a free running laser to an ultra-stable FPI based on Pound-Drever-Hall (PDH) method,
shown in FIGURE 1.7 [14]. Here the FP cavity is used as a frequency discriminator, by comparing
the frequency perturbation of the laser to the reflection spectrum of FP cavity to generate error signal
which is sent to the servo to correct the laser frequency variation (Details will be discussed in later

content).

PBS W4 FP Cavity
Laser > EOM | I 'K I|
[
Local .

Oscillator
Servo M
A Phase Photodetector

Shifter T
Low-pass | ®4
Filter

Mixer

FIGURE 1.7. Schematics of PDH method adapted from [15].

The heavy weight, complex alignment, and difficulty in achieving long delays in a small
volume limited the applications of space-aligned interferometers. However, the situation was

changed with the appearance of optical fibres.
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1.1.2 Fibre-based interferometers

Optical fibre has been developed for years, the structure and guiding principle of optical
solid core fibre are shown in FIGURE 1.8. Typical fibre cable contains five parts: an outer jacket, a
strength member, a coating, cladding and a core. The first two parts are mainly used for protecting
fibre from strain damage, and coating is used to prevent the scratch of glass cladding and reduce the
micro bending loss in the fibre. The cladding and core are responsible for propagating the light based
on total inner reflection, with most light traveling through the inner core due to its higher refractive

index.

Outer Jacket
FIGURE 1.8. The structure of a typical fibre cable.

Optical fibre has many unique advantages compared to metal wire in propagation of light,
such as: lower loss (0.15 dB/km at 1550 nm); light weight, alignment-free, small volume. With the
advantages of optical fibre, fibre-based interferometers are constructed and well developed, here are
some examples. For fibre-based MZI (see in FIGURE 1.9), the beam splitters are replaced by the

optical couplers, and due to the light guided in the fibre can be bent, mirrors are not needed [16].

A 4

Light Detector

source

A 4

FIGURE 1.9. The configuration of fibre Mach-Zehnder interferometer.

Same as the fibre-based MZI, the beam splitter of MI is replaced by the coupler. As light is
propagated in the fibre, which means it can be easily aligned. Moreover, the mirrors can be replaced
by micro mirrors with fibre pigtails which can be connected or spliced to the fibre, allowing a robust

connection [17]. The structure is shown in FIGURE 1.10.
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. < [l Mirror
Vol
_@' > Il Mirror

FIGURE 1.10. The configuration of fibre Michelson interferometer.

For fibre FPI (depict in FIGURE 1.11), besides the replacement of splitters by the fibre
coupler, the reflected mirrors could be replaced by the fibre Bragg grating (FBG) which can reflect
light at certain wavelength [18].

Light
source

%

Vol
'% (11l > —>
FBG FBG

Detector

FIGURE 1.11. The configuration of fibre Fabry-Perot interferometer.

The fibre Sagnac interferometer achieves long delay by the fibre spools in a small space
without any reflective mirrors, thanks to the bendability of fibre [19]. The configuration is shown in
FIGURE 1.12. Light passes through the circulator before the beam is bifurcated by the
multifunctional integrated optical chip (MIOC), capable of implementing various functional
modulations such as phase modulation. Subsequently, the light travels through the fiber spool in two
opposing directions—clockwise and counterclockwise. The resulting beams exit the spool and

interfere within the MICO, with the resultant signal propagated to the detector through the circulator.
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Light
source

Yl P CCW

MIOC

' Circulator

CW
Detector \/

FIGURE 1.12. The configuration of fibre Sagnac interferometer (fibre gyroscope).

Compared to space-aligned interferometers and introduced earlier, fibre-based
interferometers can be light weight and compact while providing long delay, thanks to the bendability
of fibre. They can be easily connected or spliced together, allowing a robust connection and easy
alignment. These additional advantages extend the applications of interferometry. Besides the typical
applications of space-aligned interferometer, fibre interferometers can be employed in more
complicated scenarios, such as fibre hydrophone [20], or phase sensitive optical time domain
reflectometry (¢-OTDR) [21], enabling distributed and long-distance sensing. One of the important
applications of fibre interferometer is as an alternative to FP cavity as frequency discriminator in

ultra-stable laser stabilization[15].

1.1.3 Stable fibre interferometers in laser stabilization

Ultras-table lasers with high frequency stability and phase coherence has been strongly
required in many research applications, such as optical atomic clocks [22], gravitational wave
detection [23][24], low-noise microwave synthesis [25], and fundamental physics[26] .1t is usually
achieved by stabilizing the laser to a FP cavity [27], fibre interferometer [28] or some other stable
frequency reference [29][30]. Latest reported laser stabilized to an ultra-stable cavity has achieved
the frequency stability of 10717 at 10 s [14], which employs a vacuum and cryogenic environment to
supress the noise floor of cavity and coatings. For some specific applications, such as space ranging
interferometry and coherent optical satellite links [31][32], of which laser system is requiring light
weight, robust and easy-align structure, therefore, an optical fibre delay-line interferometer stabilized

laser would be one of the best alternative.

Laser stabilization principle is shown in FIGURE 1.13. This scheme is a negative feedback

control system. An error signal indicating the laser noise is obtained by comparing the laser signal
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with the external reference. Then the loop filter corrects the laser frequency noise with negative
feedback. Based on this principle, several methods have been proposed to stabilized laser with
different optical frequency reference, e.g., transmission fringe locking which uses an automated
feedback system to keep the laser frequency on one side of a resonance of the resonator, correcting
the frequency perturbation based on the decrease or increase of the transmitted intensity [33], self-
injection locking, enforcing operation of a laser on a certain optical frequency by injecting light with
that frequency into the laser resonator [34], and Hansch—Couillaud stabilization, detecting the

frequency-dependent polarization change for error signals without any modulations [35].

Output

Reference Loop Filter = Laser Source

FIGURE 1.13: General scheme of a frequency stabilized laser.

Recently, the best performance ultra-stable laser is achieved based on PDH method,
stabilizing the laser to a high finesse and ultra-stable cavity [14] [15]. Frequency stability of these
cavity stabilized laser is dependent on the stability of cavity optical length, which is limited by
thermal and vibration-induced cavity length fluctuation, and thermal-mechanical noise of the passive
cavity components. Low coefficient of thermal expansion (CTE) material is employed to make the
spacer and mirror substrate which can minimize the coupling of temperature variations to the optical
path and frequency stability. Numata, et al. discussed the mechanical loss of these material and
concluded that using fused silica or ultra-low expansion (ULE) for the mirrors and spacers can
minimize the thermal noise [36]. Later Stoehr et al. reported an external cavity diode laser (ECDL)
stabilized to an ULE cavity with 8 cm diameter and 10 cm length, which was placed in a vacuum
chamber operating at 24 °C (zero CET at ~11 °C), achieved 1.5 Hz linewidth at 657 nm and <2x10
15 fractional stability in 1 s [37]. Besides the reduced thermal length perturbation, the cavity was also
reported to be vibration-insensitive, which was horizontally mounted and supported by four points,
then optimized by the finite-element analysis, showing two orders less sensitivity than usual
supported from below [38]. Later a shorter length (7 cm) ULE cavity, which was mounted vertically
to exploit the intuitive symmetry in the vertical direction, was employed to stabilize the diode laser,
achieving 2 Hz transmission linewidth and 10" fractional frequency stability at time scale of 0.5 s
to 300 s [39]. To stabilize the ULE cavity at zero CTE point, eliminating the thermal expansion,
Peltier elements were placed in vacuum allowing operation at an optimal temperature [40]. This

vibration and thermally compensated system suppressed the laser linewidth down to subHertz. [36]
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reported fused silica could reduce the contribution of thermal noise floor, and cavity with ULE-based
spacer and fused silica mirrors was then reported to achieved frequency instability as 5.6x107¢ at 1

s [41].

Cavity made of crystalline material, such as silicon [27] or sapphire [42] , have a reduced
thermal noise floor at least an order of magnitude than usual glass. Laser stabilized to a silicon cavity
operating at 124 K (zero CTE temperature of silicon) showed 1x107'¢ at short time scale and
linewidth <40 mHz at 1.5 um [27]. The stability was limited by thermal noise of optical coating,
reducing the temperature to 4K could further improve the frequency stability [43], and latest reported
stability was 6.5x10!7 from 0.8 to 80 s.

Besides these high-performance FP cavities stabilized laser which employed giant setups to
provide the strictly required cryogenic temperature, micro-FP cavity used for chip-based laser has
been fabricated [44]. It stabilized a laser with 1-s linewidth of 1 Hz and fractional frequency
instability below 107% to 1 s. Note here the vacuum is employed to further suppress the thermally-

induced drifts.

In addition, the complex alignment of free-space optical components and spatial mode
matching, the requirement of vacuum environment, cryogenic temperature or highly stable
temperature control system make this cavity stabilized laser expensive, bulky (maybe not for the
chip-based FP cavity), and fragile. An alternatively method is stabilizing the laser to a fibre delay-
line interferometer, which is supposed to be low-cost, light weight, compact and easy-to-align,
besides, this method allows the high linearity frequency sweep, fast and wide range frequency
tunning. The first fibre stabilized laser was reported by Chen [45], he used a 25-m single mode fibre
(SMF) based MZI to stabilize a He-Ne laser, achieving 5 kHz linewidth and frequency stability less
than 10 !" with a time of 1 s. Here the fibre spool is enclosed into a vacuum tank to reduce the thermal
drift noise and hang to minimize the vibration influence. Later this technique is studied by many
groups [46][47][48]. Cranch et. al presented a distributed feedback external diode fibre laser (DFB
EDFL) stabilized to a longer delay-length (100 m) MZI using homodyne detection method to reduce
the frequency noise as low as 1.5 Hz/\Hz at 1 kHz [46]. Cliche applied the same method to stabilize
a diode laser achieves 10 Hz/VHz at 10 kHz [48]. Crozatier reported a Michelson fibre interferometer
extending the control bandwidth, which has a 10 km delay length [49]. Takahashi placed the
Michelson interferometer (110 m arm imbalance) in a vacuum environment and stabilized the DFB

EDFL to reach 2 Hz/\Hz at 80 Hz [50].

A novel work done by Kéfélian et al. presented a fibre Bragg grating laser stabilized to a
fibre Michelson interferometer with 1 km delay [28], shown in FIGURE 1.14. The laser light passed
through the acoustic optical modulator (AOM) driven by a voltage-controlled oscillator (VCO),
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which applied ~40 MHz modulation frequency for PDH stabilization. Then it was split by the 1/99
coupler, 99% of the power was sent to the output, and 1% was sent into the Michelson interferometer.
The interferometer was simply enclosed in a muti-layer thermal isolation box and placed on a passive
anti-vibration platform. Ends of the arms are spliced with a Faraday rotator mirror to avoid the
polarization degradation, of which the principle will be discuss in later content. In the delay-line arm,
there is another AOM driven by a 70 MHz synthesizer for heterodyne detection to reduce the low
frequency noise of the system. The detected signal from the interferometer will be mixed with the
doubled frequency signal from the synthesizer, by the PI feedback loop, the laser was stabilized to
the interferometer, of which the linewidth was reported to achieve 8 Hz in 1 s. Impressively, the
frequency noise measured was believed to be at least as low as that stabilized to a ULE-cavity with
comparable delay time between 40-40k Hz, and it also indicated that frequency noise below 40 Hz

was mainly caused by the thermal noise fibres.

Stabilized Output

1550 nm FBG
Laser

FIGURE 1.14: The principle of laser stabilized to a fibre Michelson interferometer (adapted from
[28]). AOM: Acousto-optic modulator; FDL: fibre delay-line; FRM: Faraday rotator mirror; PD:
photodetector; VCO: voltage-controlled oscillator.

To solve the excess frequency nose induced by mechanical vibration of fibre stabilized laser,
vibration-insensitive fibre spool was studied in [51][52][53]. With a double-winding spool and
optimized geometry parameter, the acceleration sensitivity of interferometer was reduced to 8x10°!!
g and 3x10-"" g'! in axial and radial directions. Employing this vibration-insensitive fibre spool
design, laser stabilized to a 5-km SMF-based MI was reported to achieve long-term stability as
1.1x10* at 1000 s [54]. Here the fibre thermal noise was supressed by employing vacuum
environment and precise thermal control where the temperature perturbation was under 10® K. The
configuration of the system is shown in FIGURE 1.15 of which the stabilization method is the same

as above.
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FIGURE 1.15: Schematic of latest fibre stabilized ultra-stable laser adopted from [54]. Iso, optical
isolator; RF, radio frequency. Note here the fibre spool is wound in vibration-insensitive spool and
housed in a five-layer vacuum tank to achieve the best performance.

A simple method to reduce the thermal influence on the fibre stabilized laser was proposed
by Kong [55], utilizing two fibre interferometers within different thermal phase sensitivities, one was
employed as frequency reference for laser noise correction, the other was used as thermometer to
cancel the temperature variation. This reduced the Allan deviation of fraction frequency noise at

1000 s from 5.6x10°® to 6.9x10°!° with a common active thermal control system.

To further improve the frequency of lasers limited by the thermal noise of fibre
interferometer, fibre interferometer was cooled in cryogenic temperature, which is shown in FIGURE
1.16, showing first order temperature insensitive point at 3.55 K [56]. There are some differences
between the interferometer stabilization method introduce above. The frequency reference here is a
fibre ring resonator, and frequency modulation was achieved by the electro-optic modulator (EOM).
Results showed the stabilized laser presents the similar low linear drift 5x10°!! h™! as that stabilized
to the ULE-cavities, furthermore, a 10-1° long-term instability of the stabilized laser frequency was

achieved.
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FIGURE 1.16: Experimental setup. A cryogenic fibre ring resonator serves as a frequency reference
for stabilizing a laser at 1535 nm adapted from [56].

1.2 State of the art

In this thesis, we am focusing on the reduction of thermal sensitivity of fibre interferometers.
The thermal phase noise of fibre is the results of two effects, the thermo-optic effect of the fibre core
which changes the refractive index, and the length elongation due to the thermal expansion. There
are already some research works on the reduction of thermal sensitivity of optical fibre as well as

fibre-based interferometers.

Employing materials with low TEC for the fibre coating could reduce the thermal expansion
of fibres [57], Bondza et al. tested single-acrylate and dual-acrylate fibre, copper-coated and
aluminium-coated fibre, results show a potential of one order of magnitude improvement of thermal
sensitivity with these metal-coated fibre [58]. Dragic showed the P,Os doped fibre core has negative
opto-thermal effect to compensate the elongation of fibre [59]. Feng et al. measured the lower thermal
sensitivity of P,Os doped fibre. Compared to standard single mode fibre (SMF), it has 27% lower
thermal sensitivity, and it is believed to be even lower with higher levels of doping [60]. Zhu et.al
proposed a method to reduce the fibre sensitivity by cooling it in cryogenic environment, based on

his results, the thermal sensitivity of standard fibre is expected to reach zero near -250 °C [56][61].

Hollow core fibre (HCF) which guides the light though its centre air core has lower thermal
sensitivity due to the low opto-thermal effect of air which is dominated by the elongation of silica
glass and coating, which was firstly studied by Dangui. et al. [62]. They calculated and
experimentally proved the thermal sensitivity of photonic bandgap hollow core fibre (PBGF) to be
about 3-6 times better than SMF, and by special designing the coatings and jackets, it can be reduced
to 11 times lower than SMF. Slavik et al. reported lower thermal sensitivity of PBGF (18 times better
thermal stability) which is due to the different coating and jacket parameters [63]. To further reduce
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the sensitivity, uncoated HCF (HCF-PBGF) was placed in cryogenic temperature -71 °C, where the
TEC of silica cross zero [64]. Same method applied to thinly-coated nested antiresonant nodeless
hollow-core fibre (NANF) was reported to have lower zero-sensitivity temperature ( -134°C), this

was due to the coating’s effect [65].

Some other methods have also been reported to further reduce thermal sensitivity of HCF at
room temperature [66][67][68]. For example, HCF with open end was reported to achieved zero
thermal phase sensitivity [66], the principle is shown in FIGURE 1.17. When the surrounding
temperature increases, besides the thermal expansion induced length elongation, the air pressure
inside will increase as well. If the end of HCF is not sealed, the air molecules will come out and
decrease the density inside the air core, which reduce the refractive index of the HCF. This reduced

refractive index compensates the phase increase due to the length change, achieving lower thermal

sensitivity, which was even reported to cross zero at 110 °C.

Air Molecules

HCF

FIGURE 1.17. Schematic of open end HCF achieving low thermal phase sensitivity at room
temperature.

Another effective way to reduce the thermal phase sensitivity of HCF is winding the fibre
spool on a low TEC supporter reported in [67]. The fibre was spooled on the Zerodur with pre-set
tension at low temperature, which means the fibre was stretched, when the temperature increased,
the elongation of the fibre was compensated by the tension release, leading to a thermally insensitive
elongation fibre spool. This method achieved 3 times lower thermal sensitivity and provided a

potential way to achieve zero thermal sensitivity at room temperature.

Wingding HCF spool to achieve zero thermal sensitivity at room temperature without any
supporter was also reported [68]. The mechanical parameter difference between silica and coating
allowing the winding spool to generate a gradient tension along the fibre turns, and inside turns would
be thermally insensitive. Optimizing the parameters of wingding turns and diameters, the spooled

HCF achieved ~90 times better thermal stability than the unspooled HCF.
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In this thesis, we proposed a method to achieve zero thermal sensitivity of a delay-line fibre
interferometer at room temperature and constructing the interferometer with two fibres with different
thermal sensitivities and lengths. This method needs no cryogenic temperature and any complex
spool windings, which will benefit various applications where thermally stable interferometers are

strongly required.

1.3 Aims and novelty

The main goal of the present research is to build a thermally insensitive fibre delay-line
interferometer operating at room temperature, without cryogenic and vacuum environment. To

achieve this goal, my contributions include:

= Proposed an all-fibre delay-line interferometer design based on the thermal phase compensation
between two arms made from two different fibres, SMF and HCF, and simulated the thermal
performance under temperature variations as described in Chapter 4

= Fabricated the prototype of thermally insensitive fibre delay-line interferometer, and iterated it
through three generations with updated structure and fibres, developed phase extraction method to
evaluate the thermal sensitivity of interferometers, as described in Chapter 4, 5, 6.

= Demonstrated the application of laser stabilization of this thermally insensitive fibre delay-line

interferometer, described in Chapter 7.

1.4 Structure of the thesis

To clearly separate the work that we did from the state-of-the-art, all the chapters that discuss
background and related literatures are at the beginning of the thesis, before presenting my works and
results. The background knowledges of laser stabilization and hollow core fibres are presented in
Chapter 2 and Chapter 3, respectively. The principle, simulation as well as the prototype of thermally
insensitive fibre interferometer are shown in Chapter 4, Chapter 5-6 introduce the iterations of the
thermally insensitive compensated fibre delay-line interferometer and the characterization,

specifically, Chapter 7 demonstrates the application of laser stabilization.

Chapter 2 Background: Laser stabilization to fibre interferometers Background
knowledge about laser stabilization to fibre interferometer is introduced in this chapter. The principle
of PDH method stabilizing laser to a FP cavity is introduced first. Laser stabilized to the fibre

interferometer is discussed then, including the principle, transfer function, and noise source analysis.

Chapter 3 Background: Antiresonant hollow core fibres A brief introduction of HCF is
present in this chapter. The development of HCF and the guidance principle is introduced first. Then

connection methods of integrating HCF to SMF system is reviewed. At the end, some important
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characters of HCF are discussed, such as backscattering, thermal phase sensitivity and pressure

sensitivity.

Chapter 4 Principle and prototype of thermally insensitive fibre delay-line
interferometer The principle of thermally insensitive fibre interferometer is introduced in this
chapter. The thermal sensitivity of fibre delay-line interferometer is introduced first. Then the
compensated method to achieve a thermally insensitive interferometer is proposed. The feasibility of
this compensation method is proved by finite element simulation and the prototype of compensated

fibre Mach-Zehnder interferometer is fabricated and characterized in this chapter.

Chapter 5 First generation of thermally insensitive fibre delay-line interferometer The
fabrication and characterization of the first generation of thermally insensitive fibre delay-line
interferometer is fabricated and characterized in this chapter. The phase extraction method based on
a 3x3 couple developed and the thermal response between thinly-coated HCF the prototype-used
HCF are compared. Then the first generation of thermally insensitive fibre interferometer with the
thinly-coated HCF is fabricated and later characterized with the updated measuring setup.
Additionally, the improved measuring system with polarization and pressure perturbation reduction

is introduced.

Chapter 6 Iteration and characterization of the thermally insensitive fibre delay-line
interferometer The second and third generation of thermally insensitive interferometer with new
HCF and longer delay-length is introduce in this chapter. The latest designed thinly-coated HCF is
characterized first. With this HCF, the second generation thermally insensitive fibre delay-line
interferometer is fabricated and its long-term stability is measured. Then the Michelson
interferometer is built to reduce the polarization degradation and double the delay length as the third

generation.

Chapter 7 Demonstration of laser stabilization to thermally insensitive fibre
interferometers Application of stabilization is demonstrated in this chapter. The configuration of
the laser stabilization system is introduced first, then the results of long-term stability of laser
stabilization to the second and third generation of the thermally insensitive fibre delay-line

interferometer are presented.

Chapter 8. Conclusions and future work The conclusions are drawn, and future work is

prospected in this chapter.
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Chapter 2 Background: Laser stabilization to
fibre interferometers

In this chapter, we first introduce the PDH method based on a FP cavity. Subsequently, we
focus on the laser stabilization to fibre interferometer, including the principle, transfer function of

fibre interferometer, and the noise source analysis.

2.1 Principle of PDH method

The PDH laser frequency stabilization technique relies on optical heterodyne detection,
achieved through the generation of optical sidebands by RF phase modulation. This approach allows
for the precise frequency stabilization to a fraction of the resonator bandwidth, all while maintaining
a considerably wide locking range. Most notably, it offers a robust frequency stabilization. FIGURE
2.1 illustrates the fundamental principle of the PDH method.

J_ -2 | w+Q

w (0]
PBS N4 Cavity

Laser » EOM > j I >

A x

) Cavity Resonance
Local
Oscillator fw)

Servo * v w-Q wy wyt0

A Phase . PD
I p *' Frror Signal Shifter : :
i P

FIGURE 2.1: Working principle of PDH method adapted from [15] .

Light emitted from a laser with frequency of ® is modulated by the electro-optic modulator
with two sidebands, o + Q and o - Q, passed through the polarization beam splitter (PBS) and quarter
wave plate, the linear polarization is turned to circle polarization, and the light is sent to the cavity.
The reflected light then passes through the quarter wave plate which turns the polarization of the

reflected beam perpendicular to the incident, thus reflected by the PBS and detected by the
photodetector, of which the electrical signal is then mixed with the modulation signal to generate the

error signal. Note here the phase shifter is used to introduce a phase difference to achieve maximum
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beat signal, which will be sent to the servo to correct the frequency error of the laser. To better

understand this method, mathematic derivation is needed [15].

For a monochromatic laser light, its field can be written as:

E = Ejei®t, 2. 1)

Due to the requirement of heterodyne detection, the light is then modulated by an optical

modulator:

E = Eoei[a)t+/j’sin(ﬂt)]_ (2. 2)

Here E| is the electrical field, w is the frequency,  and () are modulation depth and
frequency. When < 1, the phase modulated filed can be expressed by Bessel series approximation

as:

E; = Eo[Jo( B)e™" + J1(B)e' @00 — J1 (B)el@t=90 2.3)

J; represents the i Bessel series. ;- are relatively small compared to J; thus can be neglected.

The reflection of FP cavity can be written as [7]:

7 —1re'?
F =r__1 "= 2.4
(@) E; 1-rnrei? (-4

Here the Ej is the incident light field to the FP cavity, E, is the reflected field. r; and r, are the

reflectivity of the mirrors and ¢ is the phase difference acquired in one cavity loop.

Then the field of light reflected from the cavity is:

E, = Eo[F(w)]o( B)e™ + F(w + Q)] ( B)e @+20

. (2.5)
— F(w + Q)J;(Be"@t=99],

The power detected by the photodetector is:

P. = E,E,". (2.6)

38



Chapter 2 Background: Laser stabilization to fibre interferometers

= P.|F(w)|?> + P,|F(w + Q)|? + |F(w — Q)|? 2.7

+2/P.P{Re[F(w)F(w + Q)* — F(w) * F(w — Q)]cos(Qt)
+ Im[F(w)F(w + Q)* — F(w) * F(w — Q)]sin(Qt)}

(2. 8)

+(2Q terms). (2.9)

Here P. and P; are the power of carrier and sidebands. (2. 7) is the current part, (2. 8) is the
interference signal between the carrier and sideband, and (2. 9) is the interference between two
sidebands. Due to the phase shifter, the local oscillator will be shifted to sinusoidal function wave,
thus the mixed signal can be maximized and then filtered by the low pass filter (LPF) to generate the

error signal, which is sent to the servo to correct the laser frequency errors.

2.2 Fibre stabilized laser

In this section we will discuss the laser stabilized to fibre interferometer, to be more precisely,
the delay-line fibre interferometer, such as fibre MZI and MI.

2.2.1 Principle

A fibre interferometer can be regarded as a frequency-to-phase converter when employed

for laser stabilization, the principle is shown in FIGURE 2.2.

<«—— Fiber Spool

7] =nL 1/ C
Laser source > > Photodetector
Interferometer
Freq. Control 7
Port
Loop Filter

FIGURE 2.2: Principle of laser stabilization with a fibre-interferometer from [75] .

As shown in FIGURE 2.2, the laser signal is fed into the interferometer which has two arms

of different length (L,, L,). The electric fields in the arms of the fibre interferometer are:
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E, = Eysin[wt + I'sin(2t)], (2.10)
E, = Epsin[(w'(t + 7)), (2.11)
where w and w’ denote the angular frequency of the beam in each arm of the interferometer and I

and Q denote the modulations on amplitude and frequency from an EOM driven by a synthesizer,

here the delay time is:
t=n(L, —L;)/c, (2.12)
n is the refractive index of fibre and cis the speed of light in vacuum. Provided the polarization of

two arms are kept the same, using Bessel series approximation, the interferometric signal can be

written as follows [45]:

I = |E|> = E,*{2 +T/2 —T/2cos (2Qt) + 2cos [(w — w')t — w'1]
+ I'cos[(w — w' )t + 0t — w't] — T'cos[(w — w")t — 0t (2. 13)

—w'7]}
The last two terms of Eq. (2. 13) times can be yield as:
Ey*T{cos[(w — w')t — w'T]sin(2t)}, (2.14)

The signal will be demodulated in the lock-in amplifier with reference signal as sin(2t) [69], here

we just show the last two terms:

Eo?T'{cos[(w — w")t — w'T] X sin(Qt)} x sin(Qt)
. 15)

= Ey*I'{cos[(w — w")t — w'T]} + I'sin(20t)

After filtering the current and high frequency components (w,w’ and 202 terms), the output

becomes:

P = —Ey*Tsin[(w — o)t — 2mn "2 ], (2. 16)

A’ is the optical wavelength at the end of delay arm (longer one).
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When the phase is locked,
sin[(w — w')t — 27mL1/,I,L2] =0. (2.17)
The solution is:
(w— "t — 271111“1;,L2 = ni. (2. 18)

Where n is an integer. If L; — L,is assumed to be constant, while ¢ is variable, Eq. (2. 18)

can be further separated by:

w—w' = 0; (2.19)

Li—L,
ﬂ.,

2mn

=mn,m=0,1,2... (2.20)

It shows that L; — L, can be used to define A". With a negative feedback control, we can
suppress the error signal to zero, and thus reduce the laser frequency fluctuation. Besides, it indicates
that longer delay length gives a larger error signal as the phase change of the electrical fields is

proportional to L; — L.

2.2.2 Transfer function

Delay-line fibre interferometer can be regard as a frequency discriminator which transfer the

frequency change to phase perturbation [47], The transfer function is:

_ e—LZTL’f‘L’

7 (Hz™). (2.21)

T(f) =

Here f is the Fourier transfer frequency, and 7 is the delay time.

Atlow frequency (f<<1/7), T(f) o t, the phase change is approximately proportional to the delay
time, in other word, the delay length of the interferometer. It means longer fibre leads to a higher
response sensitivity to the frequency perturbation. However, there is a trade-off between sensitivity
and modulation frequency bandwidth at high frequency. we plot the transfer function of two different
length of fibres, both magnitude and phase in FIGURE 2.3 and FIGURE 2.4. As both are normalized,

longer delay length can have null response at lower frequency.
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FIGURE 2.4: Interferometer normalized phase response to laser frequency noise of delay length as

500 m and 2000 m

2.2.3

Noise analysis

In practice, the length of fibre cannot be constant which introduces noise. The delay length

L, — L, is a function of time:

Ly =Ly =Lyg—Lyg + (Lyo — LZO)Z B;sin(m;t).
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L1y and L, are the average lengths of two arms, and B; is the amplitude of the relative

change of length difference. The fractional stability is:
8f/f =8(Ly —L2)/(Ly — Ly) (2.23)

It shows that the frequency stability is proportional to the fluctuation of fibre delay length.
To analyse the noise source for the laser stability, thermal induced thermal intrinsic noise, thermal
drift noise, pressure induced phase noise and polarization perturbation would be introduced in
following part while the vibration noise and acoustic noise which influence the fractional frequency
stability at high frequency are not analysed here, as this thesis is focusing on the low frequency noise

and long-term stability.

Thermal intrinsic noise

Thermal intrinsic noise is a fundamental noise in fibre interferometer, caused by the
temperature fluctuation and dependent on the fibre material and parameters. Experiments show two
different noise behaviour at different frequencies. For noise at high frequency (> 1kHz), it is
described as thermal dynamic (or thermal conductivity) noise and has been studied based on
fluctuation dispassion theorem by [76][77][78]. This theory believes that the noise comes from the

spontaneous temperature fluctuation of the fiber refractive index, which is expressed as:

(27Tf)2

21'rkBT2L dn 2,
27Tf)2

(dT

max

kmm + (5~

Sp(f) = + naL)zln( (2.24)

The parameters are shown in TABLE 2.1.

For lower frequency noise, it presents as 1/f noise, and it is explained by the mechanical dissipation
theorem, which show that the noise is from the spontaneous fluctuation of fibre length. Duan [79]

used one-dimensional model analyse it and later experimentally proved by [80].

2 2kgTLy 1

Su) = () = = EA T (2.25)
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Property Notation Value
Wavelength A 1550 nm
Temperature T 300K
Refractive index temperature coefficient Z—: 9.2X10°K!
Effective refractive index n 1.468
Thermal expansion coefficient ay, 5.5X 107K
Thermal conductivity K 1.37 W/(mK)
Thermal diffusivity D 8.2X 107" m?/s
Boundary condition parameter kmax 3.846X10° m™!
Boundary condition parameter komin 3.846 X 10*m!
Bulk modulus of material E, 1.9X 10" Pa
Cross-sectional area of fibre A 4.91X10%* m?
Loss of angle bo 0.01

TABLE 2.1 The parameters of fibre noise calculation

Here we plot the calculated results of the thermal dynamic and thermal mechanical curves
of a 100 m optical fibre based on above two theories. Results in [80] also indicates that optimizing

the coating’s parameter can reduce the intrinsic noise of fibres.
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FIGURE 2.5: The intrinsic noise of fibres. Blue line is from Wanser [76] for noise at high frequency,

red line is Duan’s theory [79] for 1/f noise at low frequency. Green line is the sum of these two
without offset.

Thermal drift noise

Different from the thermal intrinsic noise, thermal drift noise is the temperature fluctuation
induced phase perturbation [81]. For a monochromatic light with wavelength A, propagating through

a piece of fibre with length L, the accumulated phase is:

0= % 2.26)
Due to the temperature change AT, the n.sf, L will be modified, and we obtain:
Ap AL An
? _T +__EZ+(6T)pAT+( )T (2-27)

Here €, is axis strain in the core due to the length change, and p is the core density. The last
part is the photoelastic effect which can be expressed by the Pockels coefficients. Then we obtained

the thermal sensitivity:

Ap 1 on 1 n?
QAT E(ﬁ)p tAT {e; - > [(P11 + Pr2)er + Pra€.]} (2.28)
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P;; and P;, are the Pockels coefficients of the core, and €, is the radial strain in the core
Using the model proposed by N. Lagakos et al. [81], the thermal sensitivity of standard dual-coated
fibre (SMF-28) is calculated as: 6.57x10° K. we can also define the thermal sensitivity b
normalizing the phase change of the fibre length:

_lde 1d(2mnL/2) 2m dn ndlL

= = 2.29
¢ Ldr L dT A dT+LdT ( )

Here L is the length of fibre, T is the temperature,

d . . ;
ZeTf L is thermos optic effect of optical

fibre, is measured to be 110 K™!, and %Z—; is the thermal induced elongation of fibre along longitude

axis. As the thermal expansion coefficient of silica is 0.55x10° K™! [82], the thermal sensitivity of
solid core fibre is about 48 rad/m/K at wavelength of 1550 nm. In later chapters, we will use this
definition to describe fibre thermal sensitivity. Based on this definition, the thermal induced phase

noise can be express as:
L Ty
Ap = f f Sy dTdL. (2.30)
o Jr

The thermal drift noise demonstrates dependency on temperature variation, the length of
fibres, and the thermal sensitivity of fibres. As previously mentioned, extending the length amplifies
the sensitivity of the frequency discriminator, making shortening the length an impractical solution.
More effective approaches would involve minimizing temperature perturbations in the fibre system,
such as implementing highly precise thermal control systems, refining the container's wall to
diminish thermal reflections [45], winding the fibre spool in specific patterns to ensure uniform

thermal distribution [83], or reducing the thermal sensitivity of fibres.

Pressure perturbation noise

When fibre is exposed in atmospheric environment, the pressure perturbation load on the
fibre surface will leads to the strain in both radius and axis direction, which causes the length change
and refractive index perturbation [86]. Like the thermal induced phase shift, and the pressure

sensitivity can be defined as:

Agp 1 n?
AP AP {ez = [(Pr1 + Pro)er + Prae,]}. (2.31)
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N. Lagakos et al. modelled the pressure induced phase change of standard coated optical
fibre [86]. With their model, we calculated the pressure sensitivity of SMF 28 as -1.04x10°!!/Pa.
Similarly, we simplified the definition of pressure sensitivity by normalizing the pressure-induced

fibre phase perturbation to its length:

_ldp 1d(@2mnL/2) 2m dn ndl

- _ 2\ A) e B B2 2.32
PP Lap T L dP A “dP LdP)’ (2-32)

here L‘i—i is the pressure induced fibre length change.

In some applications, the high-pressure sensitivity is preferred, such as hydrophone [87]. By
employing a thick coating, the fibre pressure sensitivity can be improved by 38 times [86]. While
used as frequency references, fibre interferometer is supposed to be as little by pressure perturbation
as possible. [86] provided an effective way to reduce the pressure sensitivity by coating the fibre with
high bulky modulus silica glass substrate or metal coting. For commercial fibre-based interferometer,
housing it in a sealed box can minimise the pressure perturbation, further pumping the box to vacuum

would provide the theoretically minimum pressure influence [51].

Fibre Rayleigh scattering

Fibre Rayleigh scattering describes the elastic scattering of light by particles due to the
density fluctuation of silica glass, which are smaller than the wavelength of light. This effect can be
employed in distributed fibre sensing [21]. The measured backscattering coefficient of SMF is —72
dB/m [88]. The Rayleigh scattering not only increases the attenuation of fibres, but also degrades the
fibre-based applications, for example, the backscattering will be mixed with mirror-reflected light in
a fibre Michelson interferometer sensor or frequency discriminator. Methods have been proposed to

solve this problem [75].

Polarization perturbation

Silica fibre is believed to have a symmetric cross-section, standard single-mode silica fibres
provide excellent spatial mode purity over long lengths. When unperturbed, they can also maintain
the purity of the polarization state extremely well, down to the fundamental limit imposed by
anisotropic Rayleigh scattering in the glass, however, when there is a stress applied such as bending,
leads to slightly asymmetry of the fibre, the birefringence occurs. Polarization extinction ratio (PER)
is defined to describe how much power is coupled from the principle linear polarization to the

orthogonal direction:
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P principle

PER = 10log (2.33)

orthogonal

For a 1 km-length fibre, the theoretical maximum PER is about 45 dB at wavelength of 1550

nm using parameters of a standard SMF [89].

FIGURE 2.6. Cross-section of PM fibres (left: Panda PM; right: bowtie PM). These PM fibres apply
stress along radius axis of the cross-section by inserting high TEC material symmetry to the core,
leading to a distinct birefringence difference between two axes, maintaining the light linear
polarization which is launched along the slow or fast axis.

To avoid this phenomenon, we can employ the polarization-maintaining (PM) fibre to
construct the fibre interferometer [50] [90] , which can maintain the linear polarization of propagating
light due to the distinct propagation constant between two axis. FIGURE 2.6 shows the cross-section
of two typical PM fibres. However, there several problems when employing the PM fibres. For
example, they are very sensitive to alignment and require the system be all-PM [91]. Besides, the

PM fibres are very expensive due to the complex manufacture.

Alternative polarization control options in this scenario include polarization controllers or
Faraday mirrors [69][70]. Polarization controllers utilize fibre birefringence induced through bending
or coiling, enabling manipulation of output polarization by adjusting fibre angle and coiling However,
this solution necessitates realignment and automated polarization control for extended operation. A
more sophisticated approach is the application of a MI with FRMs. The underlying principle of the
FRM is illustrated in FIGURE 2.7. Inside the FRM, incident light undergoes a 45° polarization
rotation upon passing through the magnetic field, followed by reflection off the mirror. Subsequently,
the light passes through the magnetic field again, causing an additional 45° polarization rotation,
resulting in a polarization state perpendicular to the incident light. Back to the MI, the two waves at
the output ports consistently maintain the same polarization state, yielding a maximal beat-note
signal amplitude without reliance on polarization controllers. It's important to note that this approach

is exclusive to the MI and has a limited bandwidth determined by the delay length.
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FIGURE 2.7: Principal scheme of the Faraday mirror rotator (45° rotation): light input to the rotator
passes the magnetic field, its polarization is rotated 45°, then reflected and pass the magnetic field
second time, it is rotated another 45°, which is perpendicular to the input direction.
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Chapter 3 Background: Antiresonant hollow
core fibres

In this chapter we introduce HCFs, and background knowledges are focusing on the
antiresonant hollow core fibre (ARF) used in our interferometry. we firstly review the development
of ARF, and introduce the guiding principle of ARF, review the connection methods. In the end we

list the characters of HCF compared to solid core fibres.

3.1 Review of antiresonant HCF

Photonic bandgap hollow core fibres (PBGFs) are the early idea to guiding the light through
hollow core by the photonic bandgap guidance principle [92], which require periodical air-glass
structure, however, the attenuation was found to be limited by the mode-field overlap with glass
cladding and the lowest loss of PBGF reported is 1.2 dB/km till now [93], far beyond the solid core
single mode fibre which is about 0.15 dB/km. The alternative appeared when the Kagome HCF was
invented [94], providing an extremely delicate structure of thin triangular-lattice struts with no

cladding nodes, and the inhibited coupling of Kagome HCF leads to a potential of low attenuation.

7-cell PBGF 13-cell PBGF Tubular ARF Cojoined-tube ARF  5-tube NANF
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FIGURE 3.1: The development of HCF: from PBGF to ARF.

The first antiresonant guiding occurred in a hypocycloid Kagome HCF due to the negative
curvature which represents the shape of the first ring around the core [97], leading to a decreased

attenuation down to hundreds of dB/km. Removing the periodical triangle structures but keeping the
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centre tubular lattice of hypocycloid Kagome HCF, the first ARF (tubular ARF) was fabricated by
Belardi in 2013 [98]. This kind of ARF did not require a periodical lattice and worked just on the
principle of antiresonance, of which the attenuation was reduced to 7.2 dB/km by separate the
touching rings and optimizing the manufacturing [99]. FIGURE 3.2 shows the cross-section of PBGF
and ARF (NANF).

In 2014, Belardi developed the crucial new concept of the nested ring design, which added
a second smaller hollow tube inside each tube in the negative-curvature layer, reduced light coupling
from the core into the cladding, and thus reduced fibre attenuation [100]. This structure was latter
modified by Poletti which was called as NANF [84]. Removing the nodes where tubes touched could
give the NANF fibre a low-loss antiresonant band an octave wide and suppress high-order modes
well enough to make the fibre effectively single mode. His analysis indicated that the attenuation in
NANTF fibres due to leakage, surface scattering and bending could be lower than for conventional
solid fibres. Due to the negligible optical field overlap with glass leading to low surface scattering
loss, the attenuation of this ARF is mainly limited by the confinement loss and envisioned to

eventually surpass the attenuation of other HCF and even that of SMF.

FIGURE 3.2: Scanning electron microscopy (SEM) photos of PBGF and NANF

In 2018, Gao et. al reported her conjoined-tube fibre (CTF) which has a minimum loss of 2
dB/km at 1512 nm [101], and in the same year, Optoelectronic Research Centre (ORC) in the
University of Southampton reported minimum loss of only 1.3 dB/km at 1450 nm in the NANF fibre
[102]. Attributable to improvements in tube handling, preform fabrication and pressurization, which
improved uniformity along the fibre length as well as cross-sectional, ORC reported a loss of 0.28
dB/km between 1510 and 1600 nm, and close to 0.3 dB/km between 1500 and 1640 nm for a 2.8-km
fibre in 2020 [103]. In 2021, the record low loss was improved further to 0.22 dB/km from 1625 nm
to 1640 nm for a 2.2 km fibre which was achieved by moving from the 6-tube NANF into a 5-tube
NANF [104]. Recently, a new record low loss was reported to be 0.174 dB/km at C band with a
structure which adds an extra smaller hollow tube inside each second tube in NANF, which is called

double nested antiresonant nodeless fibre (DNANF) [105]. Although the attenuation is still higher
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than the lowest value of Ge-free SMF, it already surpasses the attenuation of conventional

germanium-doped SMF in the O and C bands.

3.2 Antiresonant guiding principle

Structure of ARF has been shown in figure, which consists of inside thin capillaries and thick
membrane. Assuming the thin capillaries are of the same thickness d and refractive index n, to
understand the guidance mechanism of ARF, we consider a piece of glass sheet part of the inside

capillary shown in FIGURE 3.3.

Incident _ » Transmitted
First Reflected  <===---
................. »
Second Reflected|
Air: ng Silica: n; Air:ng

FIGURE 3.3: Schematic mechanism of anti-resonant hollow core fibre

As the light travels through mostly in the centre air core, the longitudinal propagation
constant is expressed as § = ngyk ( k is the wave vector). When phase matching occurs between the
air mode and glass mode within the structure, transverse light propagates through the glass sheet
comprising two light waves: the incident light wave that travels directly through the glass, and the
second reflected light, which can be understood as a series of events involving the incident light
passing through the glass-air interface, followed by the initial reflection at the air-glass interface,

ultimately resulting in the second reflected light. Given the propagation constant of transversal mode

ke = k2n,2 — B2 ~ kyn;2 — ny?, the phase difference between two light waves is 2k,d. If the
phase difference 2k;d = 2mmn,m = 1,2,3,..., whichis called as resonant condition, the two waves
will interference constructively out of the glass sheet. Thus, the low loss operational wavelength sits

between the resonant wavelengths [84]:

It indicates the transmission band would be separated in several orders, seen in FIGURE 3.4.
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FIGURE 3.4: The transmission spectrum of antiresonant hollow core fibre from [85]

3.3 Connection between HCF and SMF

Today’s low-loss HCFs have central hole of ~70-90 pm, which contains thin tubes that
surround its core that typically has ~30 um diameter, it is relatively lager than SMF and gives
challenges when connecting HCF with SMF system, such as mode filed mismatch and Fresnel back-
reflection. Limitation of coupling between SMF to HCF was studied in [106]. The mode field
diameter (MFD) of HCF is believed to be 70% of the core size, which is about 20-30 um, while SMF-
28 has MFD ~9 um. This huge mode mismatch leads to not only the power loss but also unwanted
high order mode (HMD) coupling. An effective way is to employ an optical mode adaptor between
SMF and HCF, Jung designed a small device (7 cm) using optical collimation techniques shown in
FIGURE 3.5 [107]. Here the micro-lens is employed as mode adapter (MA) and sealed with SMF
and HCF in a glass tube, providing 0.53 dB total insertion loss.

Angled Cleave Functional Element
|' al
N -)1 >—
SME. B HCF
S —
ol

Micro-lens Micro-lens

FIGURE 3.5: A schematic of 2-port hollow-core fibre components based on micro-optic

collimator assembly (adapted from [107])

A short piece of gradient refractive index fibre (GRIN) can also be used as micro lens [108].
As shown in FIGURE 3.6. The GRIN is first spliced to the SMF, and then fixed in a fibre array, then
the GRIN is polished to the length where the MFD reaches maximum, also called as ‘quarter pitch’,
due to the similar size between MFD of GRIN and HCF, a low insertion loss (0.3 dB) is achieved.
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Splicing these two fibres under CO, laser splicers, a robust connection without neglectable extra loss

(<0.1 dB) can be realized.

W Splice
————
HCF
|
X
Deposited AR Coating

FIGURE 3.6: Schematic of the connection using a short piece of GRIN as mode adaptor.

Without inserting other optical elements, tapering the SMF to enlarge the MFD is another
option [109][110]. Tapering SMF to small diameter, the mode will leak from core to silica leading
an expanding MFD [109]. Cleaving the tapered fibre at position where the MFD is equal to that of
HCEF, and then inserting the tapered thin fibre end into the hollow core of HCF, gluing them together,
gives low loss as 0.2 dB. Or employing the thermal expansion core SMF and reversely tapering the
fibre to enlarge the core size, it provides the matching of both the size of outer diameter and MFD
between SMF and HCF [110]. Besides the low insertion loss (0.88 dB), it also enables the splice-

connection between SMF and HCF, which can be significant for some applications.

Despite the mode mismatching induced insertion loss, the Fresnel reflection also contributes
to the total connection loss. The mechanism is shown in FIGURE 3.7. When light incidents from
tapered SMF or MA (solid silica, n = 1.45) to HCF’s hollow core (air, n = 1), Fresnel reflection
happens on the end-face due to the refractive index difference, which is about 4% (0.15 dB). This
strong Fresnel back-reflection will limit the applications of HCF, for example, when propagating
high-power laser through HCF, this 4 % power loss will happen at the interface between SMF and
HCEF, furthermore, the Fresnel reflection will cross talk with back propagating signals, such as the
Rayleigh scattering in HCF-based optical time domain reflectometry (OTDR) testing or the reflected

signal from end mirrors in a HCF based MI.

End face of MA

FIGURE 3.7: Schematic of Fresnel reflection from end face of MA to HCF.
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Depositing anti-reflective (AR) coating on the end surface of MA or tapered SMF can reduce
this strong reflection effectively. [111]achieved the glued connection with -45 dB low back-reflection
and 0.15 dB insertion loss by coating the GRIN end-face. Employing high temperature toleration
material (Ta,Os/Si0,) on the end-face of reversely tapered SMF, which can survive after splicing,
achieving the splice connection with -28 dB low reflection meanwhile <0.3 dB insertion loss. As
mentioned above, GRIN with length of quarter pitch can be a MA when spliced with SMF, and easily
spliced to the HCF, this method leads to a both mechanically stable and low loss connection, which
has been employed in most of the connections in this thesis. Rather than a flat cleaved end of GRIN,
cleaving the GRIN with small angle can reduce the reflection dramatically. This angled-splicing
technique has been reported by [112] which provided -40 dB low back-reflection by cleaving the
GRIN within only 2.2°. This small angle was easily achieved on HCF, allowing a robust splice-
connection between HCF and SMF. In this thesis, this method is employed to construct the MI,
avoiding the crosstalk of back-reflections from SMF-HCF interface and FRM.

3.4 Characters of HCF

HCFs guide the light mostly through its air core, and due to the characters of air, they
naturally have several evident properties, such as low latency, low dispersion, high nonlinear
threshold, and so on and due to these unique advantages, recently they are wildly used in many
research applications, such as optical communication [113], gas sensing [114], time and frequency
transfer [115], high power laser transmission [116] and so on. Here we will briefly introduce the
backscattering, thermal phase sensitivity, pressure sensitivity of HCF which are very important

parameters for our interferometer.

3.4.1 Backscattering

Backscattering limits the attenuation of low-loss HCF and theory has been reported recently
[117]. The scattering is mainly from three parts: the Rayleigh scattering from air molecules in the
hollow area (—100 dB/m at 1550 nm), the perturbation of glass refractive index which is very small
as less than 0.1 % of light propagated though it, and the roughness of inside membrane. As [118§]
shows, the air molecules scattering contributes mostly for the total scattering, which then was
measured by a none phase-sensitive OTDR system and reported to be 30 dB lower than SMF (see
FIGURE 3.8).
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FIGURE 3.8: The Back scattering coefficients of the air and surface roughness in HCF with different
core size [118]

To characterize the contribution from the surface roughness, optical frequency domain
reflectometer (OFDR) was employed and about 40 dB lower (-115dB/m) backscattering than
standard SMF was reported [119].

3.4.2 Pressure sensitivity

The fibre core refractive index change of SMF due to the opto-elastic effect has opposite
sign to the pressure induced length change, cancelling part of the elongation effect [86], while in
HCF, the air refractive index changes very little to the pressure, leading to a higher-pressure

sensitivity which is dominated by the length change of silica cladding and coatings.

Pang et al. proposed a method to calculate the pressure sensitivity of PBGF, and designed
HCF with thicker coatings to increase the sensitivity [121]. Though the guiding principle is different
between PBGF and ARF, the pressure sensitivity can be calculated by the same method as they both

have no solid cores where the opto-elastic effect happened, thus only the pressure induced length

perturbation will be considered, the calculated pressure phase sensitivity %’o/ AP of ARF is about 10

' Pa’!, here ¢ denotes the total phase delay of the fibre and Ag denotes the phase changes of the
fibre delay due to the pressure change AP.
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Chapter 4 Principle and prototype of thermally
insensitive compensated fibre delay-line
interferometer

In this chapter, we introduce the principle and prototype of the thermally insensitive fibre
interferometer. First, we present the principle by deriving function of the thermal sensitivity of fibre
delay-line interferometers and give the structures. Subsequently, we simulate thermal distributions
of different winding patterns with the finite element analysis software to prove the method. Later we
introduce the fabricated prototype of the thermally insensitive fibre interferometer and experimental

setups, characterize the prototype by measuring the thermal induced phase change.

4.1 Principle of thermally insensitive compensated delay-
line fibre interferometer

4.1.1 Thermal sensitivity of delay-line interferometer

Eq. (2. 30) shows the accumulated phase of a piece of fibre, when it comes to a delay-line
fibre interferometer, such as a fibre MZI, providing a temperature variation, the thermal sensitivities

of two fibre arms determine the perturbated accumulated phase as:

Ly T, Ly, T,
A¢(T,L1,L2,S¢Bl,s¢32)=J f s(pldeL—f J Sp2dTdL, 4.1
0] T1 o T1

Sp1 and S, are the thermal phase sensitivities of two fibres arms, separately.

To simplify (4. 1), the fibre thermal phase sensitivity is assumed to be temperature
independent which can be achieved when the temperature varies in small range (e.g., +0.01 K, easily

controlled by a common thermal system), thus we have:

Ly Ly

Sp1(Ty — Ty)dL — J Sp2(T2 — Ty)dL. 4.2)

o

A‘P(T' Ll'LZ'S(pBl'S(pBZ) =f

(o]

It is it is a reasonable assumption that the temperature along the fibres could be the same
which depends on the thermal distributions because we can wind the two arms tightly together and

control the surrounding temperature as uniform as possible. (4. 2) can be simplified as:
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interferometer
A(p = (Tz - Tl)(S(p1L1 — S(szz). (4 3)

Typically, the arms of interferometer are constructed using the same fibre resulting the same

thermal phase sensitivity, S, = S,,, = S, therefore, the phase perturbation can be further simplified

2_

as:

A = ATALS,. @9

Where AT = T, — Ty, AL = L;—L,. To normalise the phase change to the fibre delay length,

fractional thermal phase response is defined as:

A _ 5oATA (4.5)
1) 2nn ’

here n is the refractive index of fibre.

4.1.2 Structure of thermally insensitive fibre interferometer

It is hard to make (4. 4) be zero at room temperature, as the temperature perturbation AT can
never be zero, and there is no fibre reported to be thermally sensitive at room temperature. However,
the fibre interferometer is assumed to be made from one single fibre, both delay arm and reference

arm. Considering two fibres with different thermal phase sensitivity, one has lower sensitivity S, can
be employed as delay with longer length Ly, and the other one with higher sensitivity S, forming

the reference arm is short, L., and used to compensate the thermal induced accumulated phase change

from delay arm. The thermal induced phase difference can be expressed as:

2m 4.6
Ap = Z-AT(Sp Le = Sp,La) (4.6)
To make A@ = 0, the right part inside bracket should be zero,
4.7

S(pCLC = S(ded,

or:
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Le _Sec. (4. 8)
Lg Sy,

It means that when the length ratio between these two fibres equals to the reciprocal of their
thermal sensitivity’s ratio, the thermal induced phase change of this compensated interferometer at
room temperature, under small temperature variation, can be zero, in other word, this interferometer

can be thermally insensitive at room temperature.

Based on this compensation method, HCF with 2.2 rad /m/K thermal sensitivity is employed
as the delay arm and compensated by SMF in the other arm, 48 rad /m/K, between which the length
ratio is about 21.5. There are two kinds of compensate delay-line fibre interferometers MZI (see

FIGURE 4.1) and MI (see FIGURE 4.2).

Coupler

=>

Compensation Arm Output

Input

FIGURE 4.1: Schematic of the compensated fibre MZI, it consists of couplers, HCF as delay-line
arm, and SMF as compensation arm.

Typically, MZI is formed with input coupler, main arms, and output coupler. To solve the
polarization degradation problem, it can be updated to Michelson fibre interferometer by replacing

the output coupler with two Faraday rotator mirrors (FRMs), see FIGURE 4.2.

Delay-line Arm

C=D

<= ——— — _FRM.
Output
Coupler SMF
=> . T
Compensation Arm

Input

FIGURE 4.2: Schematic of the compensated fibre M1, it consists of coupler, HCF, SMF and FRM.
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4.2 Simulations of winding patterns

As mentioned above, the compensation method assumes that fibres (HCF and SMF) in two
arms experience the same temperature, which is hard to realize in practice due to the length difference,
especially for the interferometer with long delay. It means that even when the interferometer is
theoretically thermally insensitive by the compensation between HCF and SMF (HCF is 21.5 times
longer as SMF), the thermal instability of two arms will cause phase unstable with thermal
perturbation. To show this effect and give some strategies to achieve the target that 1000 times less
thermal sensitive than SMF-based interferometer, three possible winding patterns are proposed and
simulated in COMSOL. Finite element analysis software is powerful in the thermal effect simulation,
so as to in the study of temperature variety of fibre coil Thermal unevenness is defined by calculating

normalized phase difference perturbation between two fibre arms caused by the thermal distribution:

U. = Sp1J Thdly = Sy [ Todly 4.9
‘ AIAT

here l,are the length of two arms, T is the temperature along the fibre and S, is the thermal

sensitivity of fibres. It has the same unit of normalized thermal phase sensitivity to make an easier
comparison. Three possible winding patterns are designed shown in FIGURE 4.3. In these patterns,
HCEF is winding in the same pattern, a hollow cylinder, while the SMFs are different. SMF in pattern1
is wound as a circle in the mid of HCF, in pattern2, it is wound from the top to the bottom of HCF
in a spiral style, and in pattern3, SMF is like in patern] while the position is from the top to the

bottom of HCF.

62



Chapter 4 Principle and prototype of thermally insensitive compensated fibre delay-line

interferometer

HCF pattern
+ SMF pattern1

x107
B 4

HCF pattern
+ SMF pattern2

%1073
B

0.05 0.06

HCF pattern
+ SMF pattern3

FIGURE 4.3: Three winding patterns designed for smaller temperature difference between HCF
(black line) and SMF (red line)

Then these three winding patterns are then built in COMSOL, FIGURE 4.4 presents the 3D

module of pattern2.
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FIGURE 4.4: 3D module of fibre coil composed of HCF and SMF (built in COMSOL)

Parameters of the COMSOL model are shown in TABLE 4.1. It is a simplified module which
simulated only the temperature distribution of the fibre coil, the elongation of fibres here is neglected

for it has little influence on the thermal unevenness of the interferometer.

Definition Parameter Function/value Value in SI
Turns of SMF coils m n/20 2

Turns of HCF coils n 40 40
Thickness of air t air 1 cm 0.01 m
Thickness of coil pitch t pitch 2 um 2 um
Radius of SMF r_smf 125 um 125 um
Radius of HCF r_hcf 180 um 180 um
Radius of HCF coils  r_hcf coil 3/4/5/7/10 cm 3/4/5/7/10 cm
Height of HCF h_hcf nx2x(r_hcftt pitch) 0.020384m
Height of SMF h_smf mx2X(r_smf+t_pitch) 0.001016 m
Radius of SMF coils r smf coil r_hcf coil+r hef+r smf 0.030305 m

TABLE 4.1: Main parameters used in COMSOL

To simulate an environmental thermal perturbation, the module of the interferometer is put

into a virtual container filled with air shown in FIGURE 4.5.
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FIGURE 4.5: Fibre coil with air surrounded in COMSOL, which is in the centre part of air. The air
container is 2 cm larger than that of fibre coil in thickness and height.

The thermal perturbations are designed to be three situations (Top, Side, Edge) as shown in
FIGURE 4.6.

FIGURE 4.6: Scheme of three different thermal situations in COMSOL simulation. The cylinder
represents the air around the fibre spool, white area is set as constant temperature (20 °C), and red
boundary is set as a higher temperature (30 °C) to create a thermal fluctuation with time. Top (a):
only top boundary Side(b): only a quarter of side boundary; Edge (c): only a quarter of top boundary.

The initial temperature of fibre spool and surrounding air is set to 20 °C, while the boundaries
of three initial perturbations (shown in red in Fig. 11) are 30°C and the rest of the boundaries of these
three situations are set as isolation. We can image that the temperature of the fibres will increase

from 20 °C to 30 °C, and the temperature of SMF and HCF is recorded every 2 seconds.

Three fibre coil patterns models with same radius (3 cm) are run in COMSOL, and the
temperature distributions of the fibres are acquired. Using the definition of thermal unevenness (4.

9), we can compare these three patterns with each other, and can also have a comparison between the
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thermal stabilities of compensated interferometer and SMF-based interferometer. The calculated

thermal unevenness is shown in FIGURE 4.7.
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FIGURE 4.7: Thermal unevenness of three patterns in three different initial thermal situations (a:
Top, b: Side, c: Edge). At start, thermal uniformities of three patterns are all zero. The negative and
positive value of unevenness is due to the thermal time distribution difference of SMF and HCF, and
here we consider the absolute value only.

For clarity, the time axis is shown in semi-log scale. In FIGURE 4.7, at the start point, the
thermal unevenness of three patterns is zero as we set the ratio of length equals to that of thermal
sensitivities between HCF and SMF, and then the unevenness changes, reaches the maximum, and
with the temperature distribution slowly becoming uniform, the thermal unevenness goes back to
zero again when the temperature in the whole container reaches 30 °C everywhere. To achieve our
target of thousands of times better than the normalized thermal sensitivity of SMF based
interferometer, the change of unevenness should be less than 3.3 X102 rad/m/K. From the figure, in
10 °C thermal perturbation, the unevenness of patterns2 can still be under than 3.3 x10 rad/K/m, the
result means with winding pattern2, the thermal phase shift of the compensated interferometer caused

by the thermal perturbation can be 1000 times less than that of SMF-based interferometer.
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4.3 Fabrication of prototype

After the simulation, we fabricated the prototype of the compensated delay-line fibre
interferometer. The structure is the same as in FIGURE 4.1, which is a compensated MZI. Compared
to compensated MI, MZI suffers less back-reflection from the interface between SMF-HCF and is
easier to fabricate. HCF here used is a 10.84 m dual-coated NANF, and SMF is SMF-28. Two 2x2
SMF couplers are used to form the interferometer. To integrate the HCF into the SMF system, we
used the GRIN as mode field adaptor, spliced the HCF to SMF following the step shown in FIGURE
4.8.

GRIN : GRIN
SMF :
. |
|
|
Quarter :
pithch !
GRIN % Splice HCF
SMF

GRIN HCF
SMF

Glass Protector Tape

FIGURE 4.8: Schematic of the connection between HCF and SMF

One arm of the input coupler is spliced to the GRIN, which is then cleaved to % length of
the period (quarter pitch, shown in FIGURE 4.9). One end of HCF is cleaved and spliced with the
cleaved GRIN, the connection was protected with a glass capillary and fixed with tape. Typically,
thermal shrink protector was used to protect the spliced point, however, here it would be adventurous
as thermal shrink protector has complex thermal sensitivity and could ruin the compensation. The
other end of HCF is spliced to the one arm of the output SMF coupler in the same way. SMF in the
compensation arm is connected to the SMF couplers following common splicing method which is
available in commercial splicers, and all spliced points are protected by the same glass capillaries to

cancel the effects. The total insertion loss of two spliced point is about 1 dB.
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FIGURE 4.9: Schematics of the light traces in GRIN fibre.

To prove the idea of compensation, our plan is to first splice 0.78 m SMF on the other arm
of the interferometer, and then decrease the length of SMF to be close to the theoretical compensated
length which is about 0.54cm (20 time shorter than the HCF). Note here the pigtails of couplers are
cut in short length (< 20 ¢m) and balanced in two arms to avoid the residual thermal response. HCF
and SMF are coiled together with a diameter of 14 cm to experience the same temperature distribution

thus makes the two arms has the thermal response at the same time, following our assumption.

4.4 Experiment setup and results

A well-controlled thermal chamber is necessary to characterize the thermal performance of
the fabricated fibre interferometer. Here an octagon structure chamber was employed, which has 10
Peltier thermo-electric coolers (TECs) to control its temperature, one on the top, one on the bottom,
and another eight on its sides, ensuring the thermal constant to be similar in different directions
shown in FIGURE 4.10 (a). A control thermistor is placed in the chamber and fixed on the one side
of the octagon, closed to the centre of where the TEC is placed, which is used to record the
temperature for thermal stabilization. The temperature is read by a micro-controller, which stabilizes
the temperature by controlling the current coupled into the TECs based on proportional-integral-
derivative (PID) control method. The temperature range of this thermal control system is from 5 °C
to 80 °C with precision + 0.01K, meets our requirement as the goal is to make a thermally insensitive

fibre interferometer at room temperature.
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FIGURE 4.10: Photographs of the thermal chamber and metal box: (a) The outer appearance of the
thermal chamber; (b) small metal chamber where compensated MZI is placed in; (c) the metal box
in the opened thermal chamber which is filled with fold Aluminium film in space area.

Rather than being directly placed into the thermal chamber, the fabricated interferometer is
firstly housed in a metal box (15 cm x 15 cm % 10 cm), where there is a piece of insulator (15 cm %
15 cm x 1 cm, see FIGURE 4.10 (b)) on the bottom to avoid the contact between the fibre
interferometer and the box, providing a better thermal constant and making the temperature
distribution on the interferometer more uniform. A thermistor is placed in the centre of the fibre spool
to record the temperature of the box, as well as the interferometer because we believe the temperature
gradient is too small to be considered inside the box. Then the box with interferometer inside was
placed in the centre of the chamber, and the gap are filled with fold Aluminium films to make the

temperature distribution furthermore uniform, shown in FIGURE 4.10 (¢).

FIGURE 4.11 gives the positions of fibre spools.

Thermal Chamber
Metal Box
Thermistor
Fibre Spool
Insolator

FIGURE 4.11: Schematic of the alignment of fibre spool and thermal chamber.

The thermal sensitivity of the fibre interferometer is measured by calculating the thermal
accumulated phase change with the temperature changing from one stabilized stage to another. The
light source is a narrow linewidth laser (RIO Orion from NuFern, emitting at 1558 nm, linewidth <

1 MHz), as the delay-line is about 10 m (30 MHz), such narrow linewidth is enough for our
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measurement (while for later work, it will be locked to a carrier envelope offset stabilized comb
(CEO-stabilized comb) to have a better stability). By setting the stabilization temperature of the
thermal chamber, the inside box temperature is changed, and the thermal induced interferometric

signal is detected by the photodetector. The scheme is shown in FIGURE 4.12.

Delay-line Arm
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FIGURE 4.12: Scheme of the setup for measuring the thermal sensitivity of compensated
interferometer.

For the thermal process of experiment, the temperature is first stabilized at 40 °C, then
decreased to 10 °C, and stabilized again. FIGURE 4.13 shows the recorded temperature and

interference fringes.
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FIGURE 4.13: Recorded temperature change inside the box (red solid) and the output signal of the
interference (black solid).
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By counting the peaks and recording the temperature, the thermal sensitivity can be
calculated from the fitting curve of relationship between phase change and temperature (see FIGURE
4.14). Note here the temperature shown was not the same as what we set on the thermal chamber,
which is because the commercial control system has a different algorithm to translate the resistance
of thermistor to voltage compared to our reading system, and we used what we read to show the
results. Besides, phase data was not shown during stabilization stage at the start and end, this is due
to the weak point of the counting method, which can hardly give the phase information when there

is no full period of the sinusoidal-shaped data.
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FIGURE 4.14: (a) Temperature inside the thermal chamber and accumulated phase measured for
compensated MZI. (b) Relationship between temperature and accumulated phase change of
compensated interferometer.

The measured thermal sensitivity of compensated MZI is 1.8 rad/m/K, which is very close

to the calculated value of 1.6 rad/m/K (calculated using HCF and SMF previously-discussed thermal
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sensitivities of 2.2 rad/K/m and 48 rad/K/m, respectively). To obtain lower thermal sensitivity, we
subsequently reduced the SMF arm length to 64 cm and after characterizing thermal sensitivity
further to 39 cm. The comparison between theoretical and experimental thermal sensitivities of the

three interferometers are shown in TABLE 4.2.

Length of HCF (m) Length of SMF (m) Theoretical prediction Experiment results

(rad/K/m) (rad/K/m)
10.78 0.84 1.6 1.8
10.78 0.64 0.6 2.8
10.78 0.39 0.7 3.8

TABLE 4.2: The theoretical and experimental thermal sensitivities of compensated MZI with
compensated SMF arm of different length

In TABLE 4.2, only the first experimental result is consistent with the calculation, while the
other two are very different, which means the thermal sensitivities of fibres are not what we have
expected, either the thermal sensitivity of HCF is much higher than we thought, or the SMF has
smaller thermal sensitivity than reported before. Here the SMF used is a standard commercial fibre
of which thermal sensitivity has been measure before, but the used HCF is a fibre sample that has
not been used in any previous thermal sensitivity characterizations, and thus its thermal sensitivity
may be different. Considering the SMF thermal sensitivity is as reported in literature (48 rad/K/m),
our experimental results suggest the thermal sensitivity of the used HCF is 5 rad/K/m, which is more
than two time higher than the calculated value of 2.0 rad/K/m and significantly higher than the

previously-reported measured value of 2.4 rad/K/m.

To confirm this hypothesis, we fabricated the HCF-only interferometer by removing the
SMF in our compensated interferometer from the compensation arm. we set the thermal process in
two phases to see the thermal sensitivity of the HCF at different temperature range. The temperature
was firstly stabilized at 40 °C, and then decreased to 30 °C, and after reaching stable temperature for
about 6 hours, it was further decreased and stabilized at 20 °C. The recorded temperature and

extracted thermal-induced phase change were shown in FIGURE 4.15.
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FIGURE 4.15: (a) Temperature inside the metal box and accumulated phase measured for 10.78 m
HCEF. (b) Relationship between temperature and accumulated phase change of here-used HCF.

Here are two main phenomena shown in the results. One is the thermal sensitivity of this
HCF is 5.9 rad/m/K in average (20 °C~30°C: 5.7 rad/K/m; 30 °C~0°C: 6.0 rad/K/m), two times as
higher as reported HCF, which would explain the difference between the theoretical expected and
the experimental thermal sensitivity of the compensated interferometer prototype. It also suggests
that 2 times longer SMF in the other arm are needed to compensate the thermal induced phase change
of this HCF, and to have the same delay-length of the HCF only interferometer, 11% more HCF is
needed, which will increase the expense. Besides, there is a long-term phase drifting of this HCF
which is due to the viscoelastic effect from the coating and will be demonstrated in later chapter. In
our previous theoretical derivation, the phase of two arms should be change at the same time,

otherwise it would be hard to compensate each other.
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Chapter 5 The first generation of thermally
insensitive compensated fibre delay-line
interferometer

In this chapter, we show the first generation of the thermally insensitive fibre delay-line
interferometer. we first explore the coating’s effect on fibre’s thermal sensitivity by comparing two
HCF with different coatings by the updated setups. Then we present the fabrication of
characterization of the first generation of thermally insensitive interferometer. Finally, we introduce

the optimization of the measuring system.

5.1 Coating’s effect on HCFs

5.1.1 Updated experiment setup

In Chapter 4, we lost some phase data before the temperature change and after the
stabilization, due to shortback of counting peaks method, when there are non-full period fringes or
sign changes, we cannot distinguish the phase changes. Here we updated the setups to get better

knowledge of the thermal response of the fibres which is shown in FIGURE 5.1.

CEO-stabilized Optical Frequency Comb

ull II I I Ina
Frequency
Outputl
Lodked
[N Output2
LA ]
Laser @1558 nm Output3

Thermal Chamber

FIGURE 5.1: Measurement set-up used to characterize fibre thermal sensitivity. CEO-stabilized
comb: carrier envelope offset stabilized optical frequency comb.

There are some updates compared to previous setup, first one is the laser now is locked on a
carrier envelope offset (CEO) stabilized optical frequency comb (Menlo, FC1500-250). we filtered
one wavelength from the comb output and beat with the laser we used, and the beat signal was used
as error signal to correct the frequency perturbation of our laser. The frequency comb stabilized laser
can have frequency with extremely small drift, ensures the phase changes read from the outputs of
interferometer is only due to the thermal phase change of the fibre. The other update is a 3x3 coupler

replacing the output 2x2 coupler, of which the three outputs are record by three photodetectors. In
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FIGURE 4.14, the phase information has been missed because counting peak method cannot extract
phase from the none-full period interferometric signals. The employment of 3x3 coupler will allow
us to extract the phase with more precise resolution, most importantly, the relative sign change of the
phase as well [122], to obtain the absolute sign change of phase, we have to tune the beat frequency

between the comb laser and locked laser and see the phase change direction.

Except these, the thermal chamber is the same as previous, and the fibres were coiled with a
diameter of 14 cm, the pigtails of couplers are cut short, well balanced in length to avoid the residual

phase response from SMF.

5.1.2 Thinly-coated HCF

The HCF used in last chapter has higher thermal sensitivity than previous reported data, as
well as the unexpected relatively strong thermal phase drift. In Chapter2, we have introduced a simple
model to calculate the thermal phase sensitivity of fibres, however, strictly-speaking it works only
for the bare fibres without coatings. The acrylate coatings typically used on optical fibres for
protection and to improve their properties have significantly higher coefficients of thermal expansion
than fused silica. When a fibre is heated, the coating elongates the fibre beyond what is expected for
fused silica, it is relatively small effect, however, we believe it is the reason for the discrepancy. To
prove this hypothesis, we tested another two new long HCFs, which have the same inner structure

(both are NANF, but different coating shown in FIGURE 5.2).

FIGURE 5.2: Microscopy photograph of the previous used HCF (a) and thinly-coated HCF (b).

Unfortunately, we didn’t get the HCF with same cladding diameter but different coatings to
have a fair comparison, but we believe this effect can be normalised as they are made from the same

material, and the geometry parameters are list in TABLE 5. 1
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Thickness of Outer diameter of Inner diameter of
Type of HCF acrylate coating silica glass silica glass
(hm) (um) (um)
Dual-coated 45 296 87
Thinly-coated 10 185 70

TABLE 5. 1 Geometric parameters of two HCFs

FIGURE 5.3 shows the measured accumulated phase change in response to temperature
change. For the thinly-coated HCF, the phase change follows the temperature change (e.g., when the
temperature became stable, the accumulated phase was constant) and the extracted phase sensitivity
(calculated from the phase difference at the three temperature points) is shown in FIGURE 5.3 (a).
The situation is different for the dual-coated HCF, FIGURE 5.3 (b), where the phase keeps changing
even when the temperature is stable. Following a temperature rise (from 20 °C to 38 °C and then
from 38 °C to 59 °C), the measured phase initially rose, but then continued to reduce for several
hours. When decreasing the temperature, we observe the same effect but with an opposite sign. (Note
here the drift direction is inconsistent with that shown in last chapter which indicates that the phase
will keep increasing when temperature is stabilized after decreasing, and this is due to the counter
peaks algorithm can’t distinguish the sign change of the sinusoidal fringes as we mentioned above).
The drift of phase at constant temperature eventually stopped when the temperature was kept constant.
In FIGURE 5.3 (b), we see this for example at the temperature of 59 °C (time of 12-22 hours) and at
20 °C (time of 36-60 hours).
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FIGURE 5.3: Temperature inside the thermal chamber and accumulated phase measured: (a) 24-m
long thinly-coated HCF; (b) 30-m long dual-coated HCF.

Besides the time-dependent behaviour, the overall thermal sensitivity of the dual-coated
HCEF is larger than the thinly-coated HCF, as shown in FIGURE 5.4, in which the phase measured at
five stable temperature points in FIGURE 5.3 (b) is used for the calculation. The error bars
correspond to the difference between the values measured when increasing and decreasing the
temperature. The thermal sensitivity of thinly-coated fibre is about 1.6 rad/m/K, which is smaller
than the theoretical calculation, and we will explain it later. As for dual-coated HCF, the thermal
sensitivity is about 2.8 rad/m/K, not consistent with the results in last chapter, 5.9 rad/m/K. As we
used the same fibre, the thermal sensitivity would not be significantly different in two independent
measurements. Comparing the phase change of two measurements from temperature 40 to 20 °C, we
can see in later one the phase change overshot is about 80% of the stabled phase, and due to the
shortcoming of counting peaks method which cannot distinguish the sign of the sinusoidal
waveforms, we counted this overshot as the thermal phase change, induced this discrepancy. It
indicates that phase demodulation method based on 3x3 coupler is necessary for the later work. For
comparison, we also plot in FIGURE 5.4 the thermal sensitivity results measured on our typical
single-coated HCF (data adopted from [66]). we see that the thermal sensitivities of the two single-
coated HCFs differ by about 20%, with the thinly-coated HCF achieving a lower sensitivity result
than expected from the uncoated HCF (2.4 rad/m/K, as discussed earlier).
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FIGURE 5.4: Phase thermal sensitivity of three measured HCFs (thinly-coated, standard single-
coated and dual-coated) calculated from data shown in FIGURE 5.3 (thinly-coated and dual-coated)
and from the data in [66] (standard single-coated).

5.1.3 Theoretical analysis and simulations

To explain the results, more specifically, the different thermal sensitivities and phase drifting
of fibres made of the same materials, the coatings’ contribution is considered using the model
proposed by Dangui et al. [62]. FIGURE 5.5 shows the structure of the HCF, note here the micro-

structure is neglected.

Outer coating area

Inner coating area

Cladding area

Air core area

FIGURE 5.5: Schematics of the hollow core fibre structures

The thermal coefficient of expansion of a coated fibre in this model is:

i i i
_ asilicaEsilicaAsilica + Zi(a' coatingE coatingA coating) (5. 1)
Tcoated fiber —

i i
EsilicaAsilica + Zi(E coatingA coating)
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where A denotes the cross-sectional area and E the Young’s modulus of silica glass and the

coating material. For a HCF with single-material coatings, (5. 1) can be written as:

_ asilicaEsilicaAsilica + acoatingEcoatingAcoating (5 2)

Acoated fib = E A E A ’
silicaAsitica T coating4lcoating

I will consider room temperature (25 °C) and the representative coating parameters given in [62]:

Ecoating = 35 MPa, @coating= 180 ppm/K, Egjicq = 72.5 GPa and  agjjic= 0.55 ppm/K. Given

Ecoating K Ejsiticqa and considering Acoating™~ Asitica» We can simplify (5. 2) to:

~ Ecoating Acoating (5' 3)
acoatedﬁb = Wsilica T Acoating E A
silica silica

Considering the above numbers, we get:

Acoatedsy, = 0.55 ppm/K + 0.08 ppm/KAa:ﬁ (5.4)

I see that the larger cross-sectional area that a coating occupies, the more strongly overall

fibre expansion may happen. With the parameters in TABLE 5. 1, we get calculated thermal
sensitivity of dual-coated and thinly-coated HCF as 2.66 rad/m/K (0.61 ppm/K), 2.48 rad/m/K (0.57
ppm/K). Note here the calculated thermal sensitivity of thinly-coated HCF is significantly different
to the measured results, even when neglecting the coating influence in (5. 3) the value is 0.55 ppm/K,
which is still significantly higher than the measured results, 0.42 ppm/K. This is not in contradiction
with values reported in the literature, where fused silica glass has been demonstrated to have a
thermal expansion coefficient at room temperature spanning a relatively large range from 0.38
ppm/K to 0.55 ppm/K. This result is also consistent with our previous measurements [66] shown in,
in which we measured a value of 0.47 ppm/K (already below that of 0.55 ppm/K) even for a single-
coated HCF with standard coating thickness. we conclude that the silica coefficient of thermal

expansion for optical fibres (and in particular HCF) can be as low as 0.38 ppm/K.

In FIGURE 5.3 (b) we show that besides a higher value of thermal phase sensitivity, the
HCEF coating is also responsible for the phase relaxation effect, where the light phase keeps changing
many hours after the temperature has been stabilized. To understand better this effect, we modelled
the thermal behaviour of the dual-coated HCF sample in COMSOL Multiphysics. The diameter of
the coating and silica cladding of the modelled fibre were set to be the same as the manufactured
sample, while the contribution from the inner tubes (microstructure) to the thermal sensitivity was
neglected. In COMSOL, two independent physics interfaces (Solid mechanics and Heat transfer in

solids) were employed and coupled together to simulate the thermal elongation of an optical fibre,
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including both heat transfer and the mechanical properties. we modelled the coating layers as
viscoelastic materials, which are characterized (besides the elastic properties) by a relaxation time
that describes the relaxation of thermal stress. In the simulations, we considered the temperature
observed in the experiment (shown FIGURE 5.3 (b)). we fitted all the parameters from their initial
values obtained in the literature and relevant datasheets [123][124], in particular, Young’s modulus,
thermal expansion coefficients, and relaxation time. compares the measured (shown in FIGURE 5.3
(b)) and fitted phase changes in response to temperature change. we was able to obtain an excellent
fit, especially in term of the relaxation caused by the coating viscoelastic properties. It is worth
mentioning that we was not able to obtain a good fit with a;;;., = 0.55 ppm/K, especially in terms
of the relaxation. However, using ag;;;c = 0.38 ppm/K as discussed above allowed us to achieve a
good fit, as shown FIGURE 5.6. The fitted time constant of the coating varies between 60 000 s at
25°C and 6000 s at 60 °C. we consider this reasonable, as the other coating parameters (Young’s
modulus in particular) also change significantly with temperature. To avoid this thermal relaxation
induced phase shift, we suggest using a thick HCF silica cladding jacket in conjunction with a thin
coating. Such a design also reduces the thermal phase sensitivity of the HCF, as we show here

experimentally and as was previously demonstrated numerically [66].
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FIGURE 5.6: Comparison of measured (shown in FIGURE 5.3 (b)) and simulated thermal sensitivity
of dual-coated HCF considering viscoelastic behaviour of the coating.

5.2 Fabrication of compensated fibre interferometer with
different SMFs

After getting better performance HCF (with small thermal sensitivity and less thermal
induced phase drifting), we returned to our project and made temperature-compensated
interferometer. Here we employed 24 m HCF, for SMF, we first tried the standard one. To
compensate the thermal phase change of 24 m HCF, 1 m standard SMF was used to fabricate the
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compensated interferometer, of which the thermal sensitivity was measured in the updated setup (See
FIGURE 5.7, slightly different FIGURE 5.1 as we spliced a short piece of SMF in non-HCF arm).
The laser was locked to the optical comb to ensure the frequency stability, and the HCF and SMF
were wound together to experience the same temperature variation Three outputs of 3x3 coupler

allowed to extract the phase change of the interferometer.

CEO-stabilized Optical Frequency Comb

Frequency
Outputl
Lodked
[N Output2
L] Coupler
Laser @1558 nm Output3

Thermal Chamber

FIGURE 5.7: Measurement set-up to characterize the thermal sensitivity of delay-line
interferometers.

For the thermal process, temperature here is firstly stabilized at 25 °C, and then increased to
45 °C. After long stabilization time (10 hours), the temperature is increased to 65 °C, followed by 20
hours of measurement. Temperature and accumulated phase change are shown FIGURE 5.8(a).
When temperature was stabilized at 45 °C, the phase decreased by about 10 rad. As we have not
observed this with HCF, this effect is attributed to the SMF and in particular its coating. From 45 °C
to 65 °C, the phase first increases, but then decreases until it gets stable. Data in FIGURE 5.8 (a)
shows that the sign of the compensated interferometer thermal sensitivity has changed, as the first
temperature increase result in the phase increase, but the further temperature increases lead to the
phase decrease. As we have measured earlier, the thermal sensitivity of HCF changes little with

temperature. Thus, we attribute this behaviour to a change in the SMF thermal sensitivity.

Earlier research confirmed that the thermal sensitivity of SMF can also be influenced by its
coating [61]. With temperature increase, thermal sensitivity of dual coated and bare SMF can be very
different. Specifically, at temperature of 0 °C to 30 °C, thermal sensitivity of coated SMF decreases,
while it increases for bare SMF. This decrease in the coated SMF causes the thermal phase of
compensated interferometer to strongly change with temperature, as this trend is the opposite to that
of the bare HCF. This makes the compensation working only at a specific temperature with
over(under) compensation quickly rising as the temperature is moved from this specific point. Bare
SMF would be the best option, but it would be extremely fragile, thus, using a thinly-coated SMF

for compensation in our compensated interferometer would be preferred.
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A thinly-coated SMF (coating thickness of 10 um), which should behave very close to
uncoated fibre but less fragile, was manufactured in the ORC. we used 1.2 m long (not the optimized
compensation length) of this fibre in the compensating arm and change the temperature in steps every

10 °C from 25 °C to 65 °C, FIGURE 5.8(b).
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FIGURE 5.8: Accumulated phase change (blue curve) of compensated MZI with coated SMFs with
temperature increasing (red curve): (a) Dual-coated SMF; (b) Single thinly-coated SMF.

From FIGURE 5.8 (b), the thermal accumulated phase follows the temperature change well
(without any over/undershoots as seen previously), while there is only a small difference between
the phase change in different temperature range, which means that the thermal sensitivity of
compensated interferometer is slightly temperature dependent. The thermal sensitivity of thinly-
single-coated SMF is calculated as 39 rad/K/m in average, which is smaller than that of standard
SMF (reported as 48 rad/K/m) and even uncoated SMF (calculated as 40 rad/K/m). The origin may

be in the composition of the SMF core, which can alter the thermo-optic coefficient significantly.
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As we measured the thermal sensitivity Sy, of 1.57 rad/m/K for the thinly-coated HCF (T-

HCF) and 39.3 rad/m/K for thinly-coated standard SMF (T-SSMF) at 28°C in last chapter, when 40
m length of T-HCF is employed to be the delay arm of our compensated fibre delay-line
interferometer, based on the compensation principle, a 1.6-m long T-SSMF was thus required to
produce the same phase change in response to temperature (length ratio of 1:25). The thermal

sensitivity of this interferometer is measured.

5.3 Characterization of compensated fibre interferometer

In (2. 29) we showed the two factors responsible for the thermal sensitivity of fibres, the
thermal expansion, and thermo-optics effects of guiding material. For the first part, as HCF and SMF
are both made of silica glass, they should have the same temperature dependent relationship, while
for the thermo-optics of air is significantly different from the doped solid core. Considering the
temperature influence on the thermal sensitivity, when the fibre works in a relative smaller
temperature range, the temperature dependent relationship can be approximated to be linear. Then

the thermal sensitivity of HCF and SMF can be simplified as:

Sencr = aucrT + bucr (5.9
Spsmr = asmrT + bsyr (5.6)
Appling.(4. 2), we have the phase change:
L1 Tz Lz Tz
A(p = f dL (aHCFT + bHCF)dT - f dL (aSMFT + bSMF)dT (5 7)
0 T, Y LEY

As the fibres are wound together, the temperature along the fibre is still believed to be the

same, thus we would have.

1 1
Ap(T) =Ly (E apcrT? + bycpT + CHCF) — L, (E asurT? + bsyrT + CSMF) (5.8)

=5 (ancrly — asypLy)T? + (bycrLly — bsyrLa)T + cycrly — Csprly

It shows that the phase change is a quadratic function of temperature as seen in Fig. 3, and it
also indicates the zero thermal sensitivity temperature can be tuned by changing the length ratio

slightly which will be discussed later.
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5.3.1 Thermal sensitivities of delay-line interferometers

The result of thermal sensitivity measurement of the compensated delay-line fibre
interferometer is shown in FIGURE 5.9. The accumulated phase firstly decreased, reaching a turning
point at around 28°C, then increased. we did not show the whole temperature range but emphasized
the phase thermal sensitivity crossing zero which is an important indicator for stabilizing the
interferometer with as low thermal perturbation as possible. Our principle in Chapter 4 is a reasonable
approximation, to explain this polynomial liked shape function in a large range of temperature
variation, the temperature dependent thermal sensitivity of fibre needs to be considered which has

already been shown in FIGURE 5.4.
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FIGURE 5.9: (a) Dynamically measured phase change of the compensated delay-line interferometer
from 26°C to 32°C (black scatter points), and the 3™ order polynomial fit (red line). (b) Measured
thermal sensitivity of T-SSMF (black, dashed), T-HCF (blue, solid), and the compensated delay-line
(dash-dot, red) interferometers, measured from 25 to 60°C. The shown numbers refer to the slopes
of the corresponding curves.
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Due to it guiding light through air, the optical delay length of HCF is the same as its physical
length differs from SMF. To have a fair comparison between delay-line interferometers made of
standard single mode fibre (SSMF), HCF and our compensated delay-line interferometer, we
normalize the interferometer thermal phase sensitivity to unit delay:

_ldg

= 5.9
Fo ©dT -9

where 7 is the delay introduced by the delay-line interferometer and ¢ is the phase difference
of the two arms. The delay-normalized thermal sensitivities P, of our compensated delay-line
interferometer together with those of T-SSMF and T-HCF measured with the dynamic method are
plotted in FIGURE 5.10. Here we see that By, of T-HCF (~0.5 rad/ns/K) is about 16 times smaller
than that of T-SSMF (~8 rad/ns/K). It is worth mentioning that the T-SSMF sensitivity is slightly
smaller than that of SSMF reported to have S, = 48 rad/m/K, which is a value corresponding to P,
= 9.6 rad/ns/K. For the compensated delay-line interferometer, P, measured over the temperature
range of 25-55 °C is almost 7 times smaller than that of T-HCF and over 100 times lower than that
of T-SSMF. Additionally, it crosses zero (detail shown in FIGURE 5.9) at 28°C, where the

interferometer is essentially thermally insensitive.

To verify the obtained results, we carried out the static measurement for the compensated
interferometer over four temperature ranges (25-27°C, 27-29°C, 29-31°C, and 31-33°C), FIGURE
5.10. Both dynamic and static measurements agree well and show that the thermal phase sensitivity
of the compensated delay-line interferometer crossed zero at 28°C. In the temperature range of 27-
29°C in which the interferometer can be kept using, e.g., a simple closed-loop temperature control
of £1 K, the interferometer achieves |P(p| < 4.8 mrad/ns/K, which is over 2000 times lower than that

of SSMF-based interferometer.
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FIGURE 5.10: The dynamically measured (red line) and statically measured (black scatter points)
thermal phase sensitivity of the compensated delay-line interferometer. Both show the zero thermal
phase sensitivity crossing at a temperature of 28°C.

5.3.2 Tuning of the zero thermal sensitivity crossing temperature

Zero thermal interferometer sensitivity was achieved at a particular temperature (28°C in our
experiment) as both, this zero-sensitivity temperature should be shiftable by changing the length of
the fibres. It is more practical to change the T-SSMF fibre length, as it has a large thermal sensitivity
coefficient and thus only small changes in its length produce an appreciable shift in the interferometer
zero thermal phase sensitivity temperature without changing significantly the delay produced in the
compensated delay-line interferometer. FIGURE 5.11 shows experimental data obtained when
changing the T-SSMF length. we see that a change in the T-SSMF length of 20 ¢cm shifted the zero-
sensitivity point from 27 to 47 °C. Thus, setting the zero sensitivity with +1 °C accuracy requires
control of the T-SSMF length of £ 1 cm, which is easy-to-achieve with a standard fibre cleaver and
splicer. Further modification of the length imbalance beyond what we show here should enable us to
lower the zero sensitivity point down to -71 °C (for zero length T-SSMF) [64] or to increase it beyond
47 °C.

In practice, it is desirable to achieve a very low interferometer thermal sensitivity over as
large a temperature range as possible. This requires the interferometer thermal phase sensitivity slope
to be as small as possible. This slope can be calculated using simple algebra from thermal sensitivity

coefficient slopes a of T-HCF and T-SSMF defined as:

S‘P (T) = a(T - Troom) +S (5.10)

Proom

where Typom 1s room temperature, and Sy, rom 18 the thermal sensitivity coefficient at room

temperature. Data shown in FIGURE 5.10 lead to ap_ggy = -0.12 rad/m/K? (corresponding to -24.8

87



Chapter 5 The first generation of thermally insensitive compensated fibre delay-line interferometer

mrad/ns/K?) and aycr = 8.5 mrad/m/K? (2.6 mrad/ns/K?), respectively, from which we calculated
the slope of the compensated interferometer thermal sensitivity of 4.4 mrad/ns/K?. This value agrees
with the slope obtained by linear fitting of the compensated delay-line interferometer thermal
sensitivity. The obtained thermal sensitivity coefficient slopes of T-SSMF and T-HCF also allow us
to calculate the extra length of T-SSMF that should be added to increase the zero thermal phase

sensitivity temperature of the compensated delay-line interferometer by AT =T — Ty pom:

QycpAT + S
aT_SSMFAT + S

ProomyCcF

ALgsyr = X Lycr (5. 11)

ProomT_SSMF

We plot this dependence in FIGURE 5.11 (red solid). Compared to the measured data
(FIGURE 5.11, black scatter points), it gives a slightly larger slope, which we believe is due to the
too large temperature range considered (from 28 to 46°C), over which the thermal sensitivity

coefficients of T-SMF and T-HCF are no longer linear.
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FIGURE 5.11: The measured (black scatter), fitted (2™ order polynomial fit, blue dash-dot) and
calculated (red solid,) relationship between the T-SSMF length and compensated delay-line
interferometer zero thermal sensitivity temperature when the HCF arm is kept 40 m.

To obtain a smaller thermal sensitivity slope (than that obtained in FIGURE 5.10) and thus
lower thermal sensitivity over a larger temperature range, ar_ssyr and aycr would need to be better
“matched”, e.g., to have the same sign. we believe this can be achieved, e.g., by a careful selection
of the dopants in the T-SSMF fibre core or a different choice of coating material (e.g., metallic or

polyimide).

5.3.3 Wavelength dependence

All our experiments were performed with laser source emitting at 1558 nm. Here, we predict

how the compensated delay-line interferometer thermal sensitivity changes with the operation
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wavelength. The wavelength-dependent thermal sensitivity coefficient of an optical fibre can be

written as:

Sp(A) = 2771 <d2¥f )+ Mﬁ) (5. 12)

L dT

The first term of the right-hand side is the wavelength dependent thermo-optic effect, and
the second term is related to the fibre chromatic dispersion and thermally induced expansion. The

thermo-optic effect in a sealed HCF is very weak [120]and for SSMF, it can be described by

expansion:

dn
E(A) = CO + Cl}{_z + Cz}{_4 + C3A_6 (5 13)

With Co,123 = 9.39059; 0.235290; -1.31856x10~* and 3.028887x10*. The calculated S
of SSMF and HCF considering this dependence, n.ss(4) of both fibres calculated in COMSOL

Multiphysics, and Z—; = 0.3 ppm/K is shown. Using these data, the wavelength dependent thermal

sensitivity of the compensated delay-line interferometer is calculated and shown in FIGURE 5.12.
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FIGURE 5.12: (a) Calculated wavelength-dependent thermal sensitivity coefficient of T-SSMF and
T-HCEF; (v) Calculated thermal sensitivity of the compensated delay-line interferometer as a function
of wavelength with zero thermal sensitivity set to 1550 nm.

The thermal sensitivity is within £+ 4.8 purad/ns/K between 1420 and 1660 nm (240 nm span),
which is over 2x10° times smaller than that of the SSMF based interferometer. Unfortunately, we
could not confirm this experimentally, as we did not have a tuneable laser that could be locked to the

optical frequency comb.

5.4 Optimizations of the measuring system

To further optimize the measuring system, we did two updates. One is to reduce the
polarization perturbation due to the polarization extinction ratio is not high enough between
connection of fibre links from laser to the interferometer, the other one is to improve the pressure

stability of the system by sealing the box where interferometer is enclosure.

5.4.1 Polarization noise reduction

When there is an environmental variation, e.g., temperature change or vibration, on the
transport fibre link from the laser to the interferometer, the polarization direction of light propagate
inside the fibre will be rotated. As the HCF and SMF we used here are not polarization maintaining,
the light in the two axes (fast and slow axis) will couple with each other along the fibres, the
interference of the light output from SMF and HCF will cause extra noise of the interferometer. To
avoid this polarization degrading, a fibre-based polarizer (fast-axis blocked) is placed between the
laser and interferometer, which allows only light propagates in slow axis. Electric field of light after

the polarizer can be expressed as:

E(t) = Ey(t) cos2rft + @). (5.14)
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Ey(t) is the field change due to the polarization change before the polarizer, f is the

frequency of light source, and ¢ is the phase. By photodetector we can have the amplitude:
A(t) = Ay (). (5.15)

It transfers the polarization perturbation to amplitude perturbation of the light source,

For the interference signal, it is:

I(t) = Ag(t) (a1 + a, + \/a;a, cos(Ap)). (5. 16)

aq, a, is the power ratio of two arms compared to the monitoring, which are depended on
the split ratio of coupler and the loss of fibres. By monitoring the light power A, (t) after the polarizer,

we can easily remove this amplitude perturbation by data processing.

The updated setup was shown in FIGURE 5.13. Laser stabilized to comb propagated first
through the fast-axis block polarizer making the light only slow-axis polarization which transfers the
polarization perturbation into amplitude perturbation. Then the light was split by a 1:99 PM coupler,
1% port was employed as the power monitoring, and the 99% is coupled into the interferometer. The

rest part is the same as previous chapters.

CEO-stabilized Optical Frequency
Comb Thermal Chamber

Outputl
ﬂ 99% = = Output2
i Coupler Coupler
Polari i — p Output3
PM
Laser @1558 Coupler 1%

nm Monitoring

FIGURE 5.13: Updated setup for polarization noise reduction. Polarizer here makes the light
propagated only slow-axis polarization and transfers the polarization perturbation to amplitude noise,
which can be reduced by dividing the monitoring power.

FIGURE 5.14 shows the raw data of the output (black dash dot), by dividing the monitoring

power, the noise is reduced (red solid).
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FIGURE 5.14: The raw data of output signal (black dash-dot) and processed data with noise reduced
(red solid).

5.4.2 Pressure perturbation reduction

After the denoise of the polarization and amplitude, we stabilized the temperature on zero-
sensitivity point. Theoretically, there should not be any thermal induced phase perturbation, but
coating relaxation caused drifting. However, when removing the drifting, the phase keeps being

perturbated, showing there are still some thermal irrelevant phase changes, shown in FIGURE 5.15
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FIGURE 5.15: The phase perturbation after stabilizing the temperature.

Considering the pressure sensitivity of HCF and SMF, which is about 1.5x10° ppm/Pa
(HCF), and 1.15x10° ppm/Pa (SMF). The pressure change of atmospheric pressure is about +20
mbar, and this will cause a pressure induced phase change of our delay-line interferometer, 6.6x107
rad/m/Pa, for a length ration as 21.5:1 (HCF: SMF). Here we added a barometer inside the box and
studied the relationship between phase and pressure perturbation is shown in FIGURE 5.16. The
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accumulated phase perturbation has a nearly linear relationship with the atmospheric pressure change.

Notice there is a drop at 101 mbar, it can be the influence of the moisture.
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FIGURE 5.16: The relationship between atmospheric pressure and accumulated phase change of the
interferometer (box is unsealed).

To get rid of this atmospheric pressure induced phase perturbation, the metal box was seal

with silicone glue. After sealing, the pressure variation inside the box is about =1 mbar, 20 times

better than unsealed one (see from FIGURE 5.17)
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FIGURE 5.17: The temperature and pressure inside the metal box after being sealed by silicon.

Note here the pressure in sealed box is a function of temperature, using the ideal gas function

to describe the relationship of physical parameters inside the sealed box:

PV =nkT
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P is the pressure, V is the volume, n is the number of molecules, k is the Boltzmann constant,

and T is the temperature. For a box sealed in room temperature, which means no gas molecules
leaking (n is a constant), when neglect its expansion (V is constant), define the N = nv , the initial

pressure inside would be atmospheric temperature:

Py =—;—=NT, (5. 18)
N = if:t:n _ 1.0_1;;;05 _ 41[0(Pa (5. 19)

Thus:
P = 410T (5.20)

Normalizing the thermal induced pressure sensitivity of fibre in sealed box to temperature,
itis 6.2x10 ppm/K for HCF and 4.7x107 ppm/K for SMF. Note here the thermally insensitive length
ration of HCF and SMF would be changed a little bit, in other word, for a well-compensated fibre
interferometer, which is thermally insensitive at temperature at Tg > T,oom, When it is sealed in a
box, the zero-sensitivity temperature will be increase to Ty > T, due to the thermal induced pressure

sensitivity.

Here we plotted the phase change with temperature stabilized over a long time in an
unsealed/sealed box in FIGURE 5.18 and FIGURE 5.19. The phase of interferometer in unsealed
box perturbates over 60 h, which is due to atmospheric pressure change, while the interferometer in
sealed box outputs the phase with certain slope, which is believed to be the drift caused by coating’s

relaxation. Therefore, it is necessary sealing the box to have a long-term stabilized interferometer.
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FIGURE 5.18: The relationship between phase and temperature before sealing the box.
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FIGURE 5.19 The relationship between phase and temperature after sealing the box.
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Chapter 6 Iteration and characterization of the
thermally insensitive compensated fibre delay-
line interferometer

In this chapter, we introduce two iterated thermally insensitive fibre interferometer. we first
present the new HCF with better mechanical strength. Then we show the second generation of
thermally insensitive interferometer and characterize the long-term stability. Finally, we introduce

the third generation of fibre delay-line Michelson interferometer.

6.1 New thinly-coated HCF

After sealing the box, the fibre suffered higher pressure when temperature increased, the
thinly-coated fibre broke several times, as the coating and silica glass are relatively thin compared to
common fibres. To get both mechanical robust and thermal stable fibre, we designed and fabricated

a new HCF which has thicker silica cladding and thin coating.

6.1.1 Geometric parameters

The structure of new HCF is shown in FIGURE 6.1. Compared with previous thinly-coated
HCEF, this fibre has glass cladding as thick as 230 um, and 30 pm coating. Apart from the geometric
parameters, it has only five inner tubes while previous one has six, this design is for depressing the

high order mode [104].

FIGURE 6.1: Microscopy photograph of the cross-section of new thinly-coated hollow core fibre.
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6.1.2 Thermal sensitivity of new thinly-coated HCF

Theoretical thermal sensitivity is measured by the same setup in FIGURE 5.1, 1.64 rad/m/K,
which is consistent with theoretical calculation. For the measurement, we first stabilized the
temperature at 26°C, then increased it to 40°C, and kept it at this temperature for several hours. we
recorded the temperature inside the chamber, and power at the three output photodiodes, which we
used to retrieve the phase changes, FIGURE 6.2 (a). Subsequently, we processed these data into a
phase-temperature plot, which is shown in FIGURE 6.2 (b).
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FIGURE 6.2: Phase change of here-reported HCF in response to change in the temperature. (a)
recorded over time and (b) extracted phase-temperature plot showing linear dependence with its slope
corresponding to thermal sensitivity.

From FIGURE 6.2(b), we see that the thermal response of HCF shows a linear relationship
between accumulated phase change and temperature, which can be well fitted with a linear curve,
which is also shown in FIGURE 6.2(b). Analysing FIGURE 6.2(a) and (b) suggests that the

viscoellastic coating influence is strongly suppressed. For example, it would have introduced a phase

drift at the end of the experiment, where the temperature is constant (FIGURE 6.2(a)), as the
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viscoelastic coating would keep relaxing. This would have also resulted in a change in the slope of
the curve shown FIGURE 6.2(b) towards the end of the experiment. The linear fitting of FIGURE
6.2(b) gives HCF thermal sensitivity of 1.64 rad/K/m, which is in line with our expectations.

6.2 Second generation of compensated fibre interferometer

With the new thinly-coated HCF, second generation compensated fibre interferometer was
fabricated. Here HCF is 40 m and of which thermal phase change is compensated by a 2.55-m thinly-
coated SMF. By adjusting the length of SMF, the zero-sensitivity temperature is tuned to 28 °C,
which is close to the room temperature and easy to be stabilized. After sealing the box, the thermally

insensitive temperature was moved to 30.8 °C, as shown in FIGURE 6.3.
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= St zero point ,
6}
_7 1 1 1 1 1 1

28 30 32 34 36 38
Temperature (°C)

FIGURE 6.3: Relationship between thermal induced phase change and temperature. The extracted
phase (black circles) is fitted with polynomial function (blue solid), and the zero-sensitivity
temperature is 30.8 °C.

To characterize the second generation thermally insensitive compensated fibre
interferometer, the thermal stability under temperature perturbation environment has been tested, and

long-term phase stability has been characterized when temperature is stabilized at the zero point.

6.2.1 Thermal stability in temperature variation system

To evaluate the thermal stability of the compensated fibre interferometer under thermal
environment with strong perturbation, new thermal process of the thermal system is designed. By
gradually reducing the central temperature from 34.5°C to 29.5°C in increments of 1°C and
configuring each step's temperature as a sinusoidal function of time, with a period of approximately
10 hours and an amplitude of 1°C, we observed the phase variations of the compensated

interferometer within this +£0.5°C temperature perturbation environment, as illustrated in FIGURE
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6.4. The phase curve exhibits a sinusoidal pattern that mirrors the temperature variations over time.

As the central temperature decreases from 34.5°C to 32.5°C, the amplitude of the phase curve

diminishes from 1 rad to 0.5 rad. Conversely, as the temperature further decreases from 32.5°C to

29.5°C, the amplitude increases from 0.5 rad to 1 rad. Additionally, at higher temperatures, the phase

change exhibits an opposite sign compared to the temperature change, while at lower temperatures,

it aligns with the temperature variations.

Notably, the compensated fibre interferometer demonstrates superior thermal stability, with

its lowest thermal sensitivity measured at 32.5 °C, reaching approximately 12.5 mrad/m/K. This

sensitivity is about 3200 times better than that of an SMF-based fibre interferometer, which exhibits

a thermal sensitivity of around 40 rad/m/K. These results agree well with the measured thermal

sensitivity, further highlighting the exceptional thermal stability achieved by the compensated fibre

interferometer.
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FIGURE 6.4:The phase change of the interferometer (blue solid) with temperature perturbation (red
dash) at different centre temperature. Temperature is controlled to be a sinusoidal wave, of which the
amplitude is about +0.5 °C. The drift of the phase has been removed, and the phase change reaches
minimum at same scale temperature perturbation at 31-32°C and 32-33 °C.

6.2.2 Long term stability and laser stabilization

Stabilizing the temperature at 32 °C, the long-term phase perturbation of thermally
insensitive fibre interferometer is obtained, FIGURE 6.5(a). The phase drifting is due to the
relaxation of coating, of which the slope is about 10Hz/s obtained by linear fitting. When the drift is
removed, the thermal induced phase perturbation is shown in FIGURE 6.5 (b), and this small

perturbation may be due to the thermal distribution of the interferometer is not ideally uniform.
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FIGURE 6.5: Phase (here transferred to frequency) perturbation of compensated interferometer at
zero-sensitivity temperature: 31 °C (£0.01 °C): (a) Frequency drifting of the compensated fibre
interferometer when temperature is stabilized at 32°C. (b) the frequency perturbation after removing

the linear drift.

Allan deviation is commonly used to evaluate the frequency instability of interferometer and
lasers [125]. I calculated Allan deviation of the phase perturbation (over 10* s) in FIGURE 6.5 (b)

and compared that of with commercial lasers, see FIGURE 6.6.
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FIGURE 6.6: Allan deviation of the thermally insensitive fibre interferometer which is stabilized at
temperature 31 °C. and some commercial lasers.

From 1 s to 10*, Allan deviation of compensated fibre interferometer is always slower than
that of commercial lasers. At 1 s, it is about 2x107°, which in this short time scale is dominated by
the flicker and white PM noise, while at 100 s, where the temperature perturbation determined, it
reaches the minimum, 6x10°'?, which is about three orders of magnitude stable than commercial

lasers. Even for longer time scale, 10°to 10* s, it slightly increases and not over 107" at 10 s.

6.3 Third generation of compensated fibre interferometer

The MZI suffers from the polarization degradation which will degrade its performance. As
discussed in Chapter3, employing FRMs is the most descent method to reduce the polarization
degradation. Here we update our structure of the compensated interferometer from MZI to MI by
removing the output coupler and adding the FRMs. SMF and HCF are connected using the angle-
splicing method to reduce the back-reflection. The structure is shown in FIGURE 6.7. and it has
several differences compared with the previous MZI. First, the 2x2 coupler is removed, and two
FRMs are spliced to the end of the fibre spool, which will provide a polarization maintenance and
double the delay length. Then the 3x3 coupler was used as both input and output ports. Shown in the
figure, the connection between GRIN and HCF was not a flat connection but with an angle, which is
about 2.5°, it reduced the back-reflection (from GRIN to HCF or HCF to GRIN) down to < -40 dB
(-43 dB for the first connection point, and -40 dB for the other), extra connection loss of 2 dB was
added which is still acceptable. To improve the visibility, we added extra loss (-4.5 dB) in the
compensated arm. The spare port of 3%3 coupler was cut short and blocked by cleaved in large angle
and covered with refractive index matching gel to get rid of the Rayleigh scattering along the SMF
and the back-reflection from the end surface. The stability of this interferometer will be evaluated by

stabilizing the free running laser in later chapter.
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and SMF system is employed to decrease the reflection from the interface between GRIN and HCF,
the spare port of 3x3 coupler is blocked, to avoid the back-reflection from the end face.
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Chapter 7 Demonstration of laser stabilization
to thermally insensitive fibre interferometers

In this chapter, we demonstrate the application of laser stabilization of the thermally
insensitive fibre delay-line interferometer. we introduce the laser stabilization to the thermally

insensitive MZI and thermally insensitive MI, including the stabilization systems and the results.

7.1 Configuration of laser stabilization

7.1.1 Laser stabilized to the thermally insensitive Mach-Zehnder
interferometer

The configuration of laser stabilization to the thermally insensitive Mach-Zehnder
interferometer is shown in FIGURE 7.1. The laser employed here is a Rio laser (RIO Orion from
NuFern, PLANEX 1550 nm Laser Diode) [126], of which the maximum modulation frequency is 1.5
GHz. The working current is set as 85 mA, and temperature is 27 °C. It is modulated to 50 kHz by
the laser stabilization device, Moku: Go [127]. Light was split into two ports: 10% was send into the
thermally insensitive fibre MZI, of which the output is received by the photodetector, and transfer
optical signal to electrical signal and sent to Moku: Go; 90% is sent to beat with the optical frequency
comb output, which is picked by an optical filter, here polarization controller (PC) is used to control
the polarization of light beam out of the SMF optical filter, optimizing interference between two
beams. The beat signal is then detected by photodetector and filtered by bandpass filter which is then

recorded by the frequency counter.
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FIGURE 7.1: Schematic of the laser stabilized to the thermally insensitive Mach-Zehnder
interferometer and beat with optical frequency comb. PC: polarization controller; PD: Photodetector;
BPF: band pass filter.

The configuration of Moku: Go is shown in FIGURE 7.2. The detected light signal is mixed
with modulation frequency (50 kHz), which is also sent to the laser modulating the frequency. The
mixed signal is then filtered by a lowpass filter, of which the up limit is set as 5 kHz. The filtered
signal is sent to the fast controller, it is a PID control system. Before close the loop, the scan is on,
by tuning the scan frequency and amplitude, the error signal is optimized. Once close the loop, the

scan is off, and by tuning the PID parameters in fast control panel, the laser is stabilized. The centre

frequency can be slightly shifted by adjusting the offset voltage at the cross point after the modulation.
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-0 o=@
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|
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FIGURE 7.2: Configuration of the Moku: Go in software interface.

Here only the fast control is employed to achieve the stabilization as we want a simple and
quick experiment to demonstrate the application of our thermally insensitive delay-line fibre

interferometer.
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7.1.2 Laser stabilized to the thermally insensitive Michelson
interferometer

The configuration of laser stabilization to the thermally insensitive Mach-Zehnder
interferometer is shown in FIGURE 7.3. It is almost the same as the configuration shown in FIGURE

7.1. And the configuration of the Moku: Go was also set with the same parameters.

‘ Moku: Go ’

. FRM
PD : X Block
10% Coupler .
T-SSMF
= [
st —
DFB Laser PM Coupler R
90%
“ — -0
I e, @@ pvicopler PP BPF Counter
CEO-stabilized Filter PC
Optical Frequency Comb

FIGURE 7.3: Schematic of the laser stabilized to the thermally insensitive Michelson interferometer
and beat with optical frequency comb.

7.2 Results of laser stabilization

7.2.1 Laser stabilized to the thermally insensitive Mach-Zehnder
interferometer

The beat frequency between laser stabilized to the thermally insensitive MZI and comb laser
is recorded and shown in FIGURE 7.4. From the figure, there is a linear drift of the beat frequency
which is about 10 Hz/s, close to the measured phase output. This drift is believed to be the relaxation
of fibre coatings of both SMF and HCF, which may take years to finish. Besides the drift, the
frequency beat has small perturbation which has the same period with the temperature perturbation
of room temperature. Then the Allan deviation is calculated and compared with the measured phase

of the thermally insensitive fibre MZI, note here both have been removed the linear drift.
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FIGURE 7.4: Frequency stability of the stabilized laser. Top: the beat frequency between the

stabilized laser and comb locked laser. Bottom: the comparison of the Allan deviation between

interferometer stabilized laser frequency and measured phase of the interferometer.

Compare the stability of measured phase, which has been transferred to frequency for
comparison, and the beat frequency, the has the stabilized laser frequency worse stability than
measured phase, which is about five times for average. As the same interferometer is used, the
difference would be due to the extra noise introduced in laser stabilization systems, because it is more
complicate than the phase demodulation programme and only simple configurations employed here.
Over the time scale, they have similar tendency, go down to the minimum at around 50 s, and go up
reach a flat level over 1000 s. Though the stabilized laser frequency is not as good as measured phase,
it is still better than that of free running laser, especially for long-term scale (over one order of
magnitude >100 s), shown in FIGURE 7.5. for short-term stability, it is limited by the high frequency
noise, such as acoustic vibration, shot noise and so on, which have not been optimized in this thesis,
while the thermal perturbation influences the low frequency stability as discussed above, and can be

improved by stabilizing to the thermally insensitive fibre interferometer.
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FIGURE 7.5: Comparison of frequency stability between free running laser and thermally insensitive
MZI stabilized laser.

7.2.2 Laser stabilized to the thermally insensitive Michelson
interferometer

The thermally insensitive MI has double delay length, and it is polarization insensitive,
which is supposed to have better performance, however, when it come to the stabilized laser
frequency, the stability is worse than that stabilized to the MZI. FIGURE 7.6 shows the beat
frequency between comb laser and stabilized laser (left), and calculated Allan deviation of beat

frequency with drift and with drift removed (right).
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FIGURE 7.6: Top: beat frequency between fibre MI stabilized laser and OFC. Bottom: Allan
deviation of the beat frequency with and without drift.

See from FIGURE 7.6, the beat frequency has the same drift as the laser stabilized to the
thermally insensitive MZI, because the interferometers are made from the same fibres and stabilized
at the same zero-sensitivity temperature. Besides the small periodical perturbation, which is believed
caused by the temperature variation, the beat frequency has another low frequency perturbation. Here
the HCF is angled cleaved and spliced with the GRIN, this back-reflection reduction method will
lead to the high order mode coupling and might introduce mode interference noise. The Allan
deviation of the beat frequency shows it is not as good as the beat frequency of laser stabilized to the

thermally insensitive MZI. To get better results, more work needs to be done in the future.
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Chapter 8 Conclusions and future work

In this chapter, we conclude the entire content and give an outlook for future work.

8.1 Conclusions

Work reported in this thesis proposed a novel structure of delay-line fibre interferometer that
operates with zero thermal sensitivity at room temperature. Three generations of this interferometer

were built and characterized in detail.

To achieve the thermally insensitive fibre delay-line interferometer at room temperature, we
proposed a thermally insensitive fibre-compensated delay-line interferometer, which employed HCF
with low thermal sensitivity as the delay arm and SMF with high thermal sensitivity in the other arm
to compensate for the accumulated thermal phase change of HCF. Simulation in COMSOL showed
that the compensated interferometer can be 1000 times more thermally stable than the SMF-based
interferometer with the same delay length under a 1°C temperature variation when the length ratio

between HCF and SMF is about 21.5:1.

The first fabricated prototype of the thermally insensitive fibre delay-line Mach-Zehnder
interferometer employed a 10.8 m dual-coated HCF designed and fabricate for telecom applications.
To characterize the interferometer, we built an experimental setup to measure the thermally-induced
phase change by counting the peaks of interference fringes with temperature variation. However, the
measured thermal sensitivity using different SMF lengths in the compensating arm did not agree with
the predictions. To investigate this, we measured the thermal sensitivity of HCF with a more accurate
phase extraction method that employed a 3x3 coupler to construct the interferometer. we also
stabilized the interrogating laser to a carrier-envelope-offset stabilized optical frequency comb to
avoid any errors due to the laser carrier frequency drift. Results showed that the thermal sensitivity
of the dual-coated HCF is about 5.8 rad/m/K, which is over two times larger than in the previously
reported HCF. Additionally, we observed a drift in the phase change even after the stabilization of
temperature, which was found to be due to the viscoelastic properties of the coating. This effect was
found to be very strong in the dual-coated HCFs. These results suggested that the latest generation
of HCF's that have dual-layer coating (similarly to SMFs) performs worse in terms of thermal stability

than the earlier single-coated designs.

Following our study, an HCF with thin single-layer coating was designed and fabricated in

the ORC. By replacing the dual-coated HCF with a single thinly-coated HCF (10 um thickness of
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coating), whose thermal sensitivity was measured to be 1.7 rad/m/K and compensating with single
thinly-coated SMF (also manufactured in the ORC, 10 um thickness of coating) in the other arm, we
fabricated the first generation of thermally insensitive fibre delay-line interferometer. Zero thermal
sensitivity was achieved at 28°C, and the zero-sensitivity temperature was tuned from 28°C to 45°C
via control of the SMF length. Compared with an SMF-based interferometer, the compensated delay-
line interferometer showed about 1000 times lower thermal sensitivity when the temperature was +
1 °C away from the zero-sensitivity temperature and 100 times lower thermal sensitivity in a large
temperature range of 25-50°C. The relationship between the thermal sensitivity changes and
wavelength showed the compensated interferometer was expected to achieve 2 million lower

sensitivities than its SMF counterpart even when the wavelength was tuned by as much as 240 nm.

To further stabilize the interferometer output, we improved the polarization control and
implemented feedback to further reduce power fluctuations due to fluctuations in the polarization.
Additionally, we placed the interferometer inside a metallic box that we sealed with silicone,
avoiding phase perturbation due to ambient pressure fluctuations. Box sealing reduced ambient

pressure variations by a factor of 20, significantly improving interferometer long-term stability.

The HCF with 10 um thick coting unfortunately kept breaking. we fabricated the second
generation thermally insensitive fibre delay-line interferometer with HCF fabricated in the ORC that
had thicker glass cladding and relatively thin single-layer coating (30 um). The thermal sensitivity
was measured as 1.64 rad/m/K, which is a value very close to the 10 um coated HCF, making the
coating influence (especially in terms of the phase drifting) similar to the 10 pm coated HCF.
However, mechanical stability was strongly improved, without any fibre breaks observed during the
experiments. The zero-sensitivity temperature was tuned to be 30.8°C. To characterize the thermal
instability of compensated interferometer under small temperature variations, the temperature in the
thermal chamber was set to be a sinusoidal function of time, of which the amplitude was about 1°C.
The smallest thermal instability was measured to be 8 mrad/m/K at 31-33°C. Thus, the temperature
was stabilized at 31°C, and long-term phase variations were characterized by calculating the Allan
deviation after removing the observed long-term phase drift of 10 Hz/s. Comparing this result to
Allan deviation measured with commercially-available stable lasers, the compensated interferometer
had lower Allan deviation in the 1-10* s time scale. At 100 s time scale, it reached three orders of
magnitude better stability. To double the delay length and reduce the instabilities due to polarization,
we fabricated thermally insensitive Michelson interferometer by employing the angle-splicing HCF-
SMF technique and Faraday rotator mirrors, which represents the third generation of our

compensated interferometer design.

To demonstrate the application of the thermally insensitive fibre delay-line interferometers,

preliminary experiments for laser stabilization via PDH method were carried out. Stability was
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characterized by comparing the locked laser to our carrier-envelope-offset stabilized optical
frequency comb. Results showed that stabilized laser frequency follows the linear drift measured in
the interferometer. To evaluate the long-term stability, the Allan deviation of the beat frequency was
calculated. The thermally insensitive interferometer stabilized laser showed worse long-term stability
than that of the interferometer characterized by the phase measurement, which is due to the more
complicated system of laser stabilization and the fact that less attention has been paid to reducing the
extra noise in this work; however, it is still one order of magnitude better than the free-running laser.
The minimum Allan deviation of 3x107> was achieved with averaging time of 20 s. It kept stable

around 2x107'" at 1000 s time scales.

In conclusion, I believe the proposed compensated fibre delay-line interferometers have the
potential to enhance performance in applications requiring thermally insensitive fibre interferometers

operating at room temperature.

8.2 Future work

While research summarized in this thesis represents significant advancement in the field of
thermally-insensitive interferometers, there are still several opportunities to further improve the

performance.

1. Low-loss, low-back-reflection connections. The third generation of the thermally
insensitive fibre interferometer employed angled splicing between the HCF and SMF to reduce back-
reflection from the air-glass interface. However, this approach introduced high-order mode
transmission, accumulated thermal perturbation at the connection point, and limited the delay length
due to higher loss. Utilizing the latest reported method, which involves splicing angle-cleaved mode
field adaptors to the HCF with an offset, could provide a low back-reflection connection with lower

loss. This would improve the overall performance and stability of the interferometer.

2. Increased the delay length. The HCF used in this thesis is relatively lossy, which limits
the maximum achievable delay length of the interferometer. Designing an HCF with the same
thermal stability but lower loss would allow for longer delay lengths and significantly improve the
interferometer's performance, particularly in laser stabilizations where longer delay lengths can be

beneficial.

3. Uniform thermal distribution. In this thesis, the temperature distribution inside the box
was assumed to be uniform everywhere, and the time constants of the HCF and SMF were the same.
While this assumption works well for shorter delay lengths (e.g., <100 m), it may not hold true for
longer delay lengths, such as tens or hundreds of meters. For such cases, it is essential to design

special winding spools to ensure a more uniform thermal distribution along the length of the fibre.

115



Chapter 8 Conclusions and future work
Additionally, employing a vacuum chamber could provide an opportunity to achieve the best possible

performance for this compensated interferometer by minimizing external temperature influences.

These suggested improvements have the potential to further enhance the thermally
insensitive fibre interferometer's performance, making it even more versatile and valuable for various

applications, including laser stabilization and other precision measurement tasks.
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Appendix

1 Phase extraction method

Based on the definition of thermal sensitivity of compensated interferometers, besides the
length and index, the temperature and phase changes are also essential. The temperature is easily
read by thermistors; however, the phase change cannot be read directly from the interferometric
fringes detected by photodetectors. There are two main methods used to extract the accumulated

phase change of interferometer under the temperature perturbation.

i) Phase extracted by counting peaks

The interferometric fringes detected as voltage signals are sinusoidal, and the change of the
phase difference between two branches can be calculated by counting the peaks of the fringes, every
two peaks equal 2  phase change. It is easy and fast when the phase change is full period and

changes in one direction.

_1dp Nuberof Fringes X 2m (1)
~LdT LAT

Counting peaks is an effective method to extract the phase change especially when there are
huge amounts of fringes, however, it can have problem with some situations. One is when the phase
change is very small even not a full period, which can happen in the compensated fibre interferometer
with ultra-small thermal sensitivity, the method cannot work at all, another one is when the sign of

phase change reverse, the reversion cannot be found based on this method.

ii) Phase demodulation method based on 3x3 coupler

Due to the shortages of the counting peaks method, the demodulation method based on 3x3
coupler is built to gain higher precision demodulated phase. The main idea of this method is to
construct orthogonal variables and demodulate the phase. The optical path scheme and signal process

of this method is showed Fig. 1 and Fig.2.
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Figure 1. Schematic of the optic circuitry for the (3%3) passive homodyne detection.
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Figure 2. Schematic of the optic and electronic circuitry for the (3%3) passive homodyne detection

3 outputs of 3 photodetectors are:

Il = Al COS(G + (pl) + Bl (2)
12 = Az COS(G + (pz) + Bz (3)
13 = A3 COS(G + (pg) + Bg (4)

After normalization, the signals become:

I; = cos(6 + ¢,) (5)
I, = cos(0 + ¢,) (6)
I3 = cos(0 + ¢3) (7)

Constructing orthogonal variables by following ways:

Si1 =1L +1, =2cos(0+(¢p, + ¢;3)/2) cos (Aqu) (8)

A
S, =1 — I, = =2sin(6+(¢;, + ¢,)/2) sin (7(1)) (9)
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Ap = @1 — @, (10)
$1 XS, —8§; XS, =4sin (AT(p) cos (AT(p) 6 = 2sin(Ag) 6 (11)

The phase is demodulated by integration.
f 2sin(Ap) 6 dt = 2sin(Ap) 6 (12)

iii) correction of phase difference error of 3x3 coupler

In the phase demodulation method based on 3%3 coupler mentioned above, the A@ between
the outputs is supposed to be %n(for ideal 3x3 coupler), while it cannot be in fact. To get more precise

demodulated phase, correcting this error can be very essential.

After the normalization, the two outputs should be:
I; = cos(6 + ¢,) (13)
I, = cos(0 + ;) (14)
The relationship between two outputs can be written as an ellipse equation:
x% — 2xy cos(Ag) + y? = sin(Ap)? (15)
By fitting the ellipse’s equation, get the modulus, so as Ag.

iv)Polarization error correction

After normalizing the signal, the polarization error can still exist. To get more precise results,

it should be eliminated. The normalized outputs should be:
I; = A(t) cos(6 + ;) (16)
I, = A(t) cos(6 + @5) (17)

Assume A(t) is a slowly change variable (it is a reasonable assumption, for the polarization
changes very slowly), get the A@ by the method above in a short time period. Then A(t) can be

derived:
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2 2
L+ I -1 (18)

2cos (AT('D) * 2sin (AT('D)

Once the A(t) is calculated, it can be eliminated by the division.

A(t) =

2. Length of branch difference

The length difference of two branches of MZI can be measured by coupling the broadband
light into the interferometer and recording the interferometric signals, here the function of the

interferogram is:

f(A) = cos (ZTHnAl) (19)

where A is the wavelength, n is the index of fibre, Al is the unbalance of two branches

(residual fibre). By calculating the periods of the interferogram, the Al can be obtained.
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