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Abstract

Novel applications and stabilisation for widely wavelength modulated laser
interferometry for precision dimensional metrology

The need for precision dimensional metrological techniques is always increasing, in-
cluding high precision displacement measuring metrology used to precisely and accu-
rately position stages, components and machines. Laser interferometry is widely con-
sidered the most precise technique available for single dimensional displacement mea-
surements, however extending this to multiple dimensions typically involves complex
and costly interrogation systems. In this thesis, a series of novel multi-dimensional stage
encoder designs and experimental results are presented as an application of a state-of-
the-art metrological technique, that uses sinusoidal wavelength modulation and range-
dependant signal processing to multiplex the signals from multiple interferometers into
a single interferometric signal. Using range-resolved interferometry (RRI), a series of in-
terferometers comprising measurements in multiple dimensions are multiplexed onto a
single photodetector, which are then are independently and concurrently demodulated
and evaluated. This technique is applied to novel designs for a 2-dimensional displace-
ment encoder, a 3-dimensional displacement encoder and a dual-beam angle encoder,
where unlike prior work which has typically required complex optical setups involving
polarisation-sensitive optical components and detectors, uses only minimal, simple bulk
optic components to evaluate multiple dimensions simultaneously. In this work, non-
linearities below 1 nm along with typical displacement noise levels below 0.4 nm/+/Hz
are presented for experimental results of =50 ym controlled stage motions, showing re-
sults which are highly comparable to existing techniques.

Further to this, in order to make high precision results with confidence, high-stability
lasers are required. In non-modulated and weakly modulated wavelength regimes,
there are a significant number of techniques available for laser stabilisation, for both
short-term and long-term requirements and linked to highly stable references. How-
ever, for widely-wavelength modulated techniques such as RRI, where the modulation
depth is several orders of magnitude greater than standard reference widths, the vast
majority of existing techniques are either unsuitable or significantly less-effective. In
this thesis, a novel technique for long-term stabilisation of a widely wavelength mod-
ulated laser to a high stability reference standard is presented. Introduced as "swept
absorption line locking", the principle behind this technique, in addition to experiments
to test the efficacy of this technique are presented. Included in this, is comparison to
a highly-stabilised helium-neon laser, which is often considered a "gold-standard" for
stability, where co-linear displacement measurements of a Michelson interferometer are
performed and compared to determine the RRI evaluation wavelength. The results pre-
sented here show fractional stabilities as low as 6 x 1078 over timescales of ~1000 seconds
using this novel stabilisation technique, and the comparison to the HeNe laser interfer-
ometer shows good agreement between the calculated RRI evaluation wavelength and
the expected stabilised value within calculated uncertainties.
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Chapter 1

Introduction

1.1 Multi-Dimensional Interferometric Encoders

The state of displacement measuring metrology has implications and applications far
beyond the extent of the laboratory. Modern production and manufacturing techniques
for example, used to produce nano-scale electronic and optical components such as tran-
sistors, require high-precision machinery capable of accurate positioning at nanometre
levels. A variety of techniques such as capacitive sensors, piezoresistive sensors and
linear optical encoders have been developed for these purposes, however among these
techniques, phase-evaluating laser interferometry stands out for it’s significance. Offer-
ing a high precision, resolution and measurement range, as well as remote, non-contact
measurements of target surfaces, phase-evaluating laser interferometry is highly attrac-
tive for a large range of applications.

In many applications however, multi-dimensional measurements are required, and the
extension of these techniques for multiple dimensions offer unique challenges and limi-
tations that impact their suitability and efficacy in these applications. Applications such
as positioning stages used in nanotechnology manufacturing, for example, often move
in multiple dimensions at high speeds and require equally fast, dynamic displacement
measuring techniques. In these applications, non-contact techniques such as laser in-
terferometry are highly beneficial, however they require complex setups to interrogate
multiple dimensions simultaneously. In laser interferometry, this complexity typically
arises from a need to separate spurious or unwanted phase signal contributions from the
interferometric signals of interest, which is compounded as the technique is expanded
into multiple dimensions.

Recent advances in range-sensitive interferometric signal demodulation have opened
up avenues for research into the multiplexing of multiple interferometers into a sin-
gle interferometric signal, which can then be demodulated in a range-dependant man-
ner and independently evaluated. "Range-resolved interferometry" as the technique has
been named, utilises sinusoidal wavelength modulation of a laser diode, combined with
range-dependant complex carrier signal processing to independently and synchronously
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evaluate multiplexed interferometers, separated from each other by an optical path dif-
ference, to measure the relative displacements at each interferometer. Using RRI, sev-
eral interferometers can be multiplexed into a single interferometric signal and indepen-
dently interrogated, which means that very compact designs for multi-dimensional op-
tical encoders are possible. Furthermore, the interferometric signals can be demodulated
in a selective manner that reduces issues that interferometric techniques typically suffer
from, such as non-linearities caused by parasitic interferometers. As such, there is an
opportunity for the development of novel multi-dimensional interferometric encoders,
that benefit from the advantages of standard laser interferometry such as high measure-
ment resolution and range, with reduced cost and complexity, which would make them
highly attractive for commercial and industrial application.

1.2 Wavelength Stabilisation for Optical Metrology

In nearly all laser-based applications, including but not limited to optical metrology,
an understanding of the laser emission characteristics, in particular wavelength, or fre-
quency, is important. In laser interferometry however, it becomes essential as measure-
ments are inherently linked to the evaluation wavelength of the laser. As well as know-
ing the emission wavelength at the start of a measurement, the wavelength during a
measurement, particularly over extended measurements periods is important. In or-
der to make high-accuracy and high-precision dimensional measurements, metrological
techniques such as interferometry require highly-stabilised lasers and a wide range of
techniques have been developed for laser stabilisation in a variety of applications and
conditions. These techniques typically use locking to well-known or characterised sta-
bilisation features, occurring naturally such as atomic gas absorption lines, or artificially
created such as optical cavities.

In general the applications these techniques are designed for, use little to no modulation
of the laser emission wavelength, however some applications, such as the range-resolved
interferometric technique mentioned previously use a wider wavelength modulation,
often with an amplitude more than an order of magnitude beyond typical stabilisation
features. Characterisation and stabilisation of the lasers in these applications can prove
difficult or imprecise, and as such novel techniques for stabilisation in widely wave-
length modulated regimes need to be developed and characterised.

1.3 Aims and Objectives

The overall aim of this thesis is to detail a comprehensive development of novel tech-
niques for, and implementations of, displacement measuring interferometry for preci-
sion dimensional metrology. To this end, there are two main avenues of research pre-
sented here; displacement measuring interferometry and wavelength stabilisation tech-
niques.

Towards displacement measuring interferometry, the recently developed range-resolved
interferometric (RRI) signal processing technique has created opportunity for the devel-
opment of novel, multi-dimensional interferometric encoders that benefit from the ad-
vantages of laser interferometry, such as high resolution and range, but without some of
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the disadvantages that typically limit the applications of laser interferometry.

Towards wavelength stabilisation, there is a need to develop novel techniques for wave-
length stabilisation in widely wavelength modulated regimes. For precision techniques
such as RRI, where measurements are intrinsically linked to the emission wavelength,
stabilisation becomes critical in reducing the uncertainty in the emission wavelength and
therefore the measurement uncertainty. Existing techniques however are less effective in
wider wavelength modulation regimes, so novel techniques must be developed.

Further to this, verification of the developed techniques should be undertaken. This
could be done via comparison to existing standards, such as a highly-stabilised helium-
neon laser, measuring identical displacements using both the stabilised range-resolved
interferometric technique and a standard helium-neon fringe-counting method.

The aims of the work presented in this thesis can therefore be summarised as:

¢ Develop novel multi-dimensional encoders using a range-resolved interferometric
technique

* Develop a novel stabilisation technique for widely-wavelength modulated tech-
niques

¢ Compare range-resolved interferometry stabilised using the developed technique,
to a highly-stabilised He-Ne laser interferometer

1.4 Contents of this Thesis

The contents of each chapter of this thesis are as follows. Firstly, Chapters 2 and 3 dis-
cuss the context and background to the two main research areas of this thesis. In these
chapters, the basic concepts relating to each subject area are first presented including
relevant equations which can be later referred to, followed by discussion of pertinent ex-
isting techniques and developments published in academic literature. The scope of each
review is then refined to a more specific discussion of the existing work in the research
area of interest, highlighting the specific research gaps that the work presented in this
thesis is targeting.

Following the literature review chapters, Chapter 4 details the principles and method
of range-resolved interferometry and signal processing, a specific technique that is later
applied extensively in the experimental chapters of this thesis. This is followed by tech-
nical summaries of the various implementations of range-resolved interferometry that
are used in this thesis.

Chapters 5 and 6 detail the development and characterisation of novel applications and
techniques, towards fulfilling the research gaps identified above and discussed in the
literature review of existing work. In both chapters, the principles underpinning the ex-
perimental work are first discussed, followed by presentation of the experimental setups
used. Experimental results are then shown and discussed, concluding with potential im-
provements to each experimental setup or concept that could be achieved in future work.

An additional third experimental chapter, chapter 7, presents experiments comparing
the novel developed techniques and applications with a well-explored and traceable
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laser wavelength stabilisation technique utilising a helium-neon laser. Here, concepts
from the previous experimental chapters are combined, and preliminary experimental
measurements made using this technique are presented for comparison. The experi-
mental results are similarly presented, and potential uncertainties and improvements
are discussed. Finally, a chapter concluding this thesis, summarising the work presented
in it, and discussing the potential future outlook of this work is included.

The contents of the chapters of this thesis are summarised below:

Chapter 2 reviews techniques for displacement measurement in precision dimensional
metrology, both optical and non-optical, and in particular how these are extended or
otherwise developed for multi-dimensional displacement measurements. Further detail
is then presented on laser interferometry and some of the signal processing approaches
typically used.

Chapter 3 reviews techniques for wavelength stabilisation of laser-based applications
in both short-term and long-term regimes, explaining typical techniques, stabilisation
references and typical stability limitations.

Chapter 4 introduces range-resolved interferometric signal processing, a pseudo-heterodyne
laser interferometric signal processing technique used to interrogate multiplexed inter-
ferometric signals. The principle behind this technique is summarised, followed by a de-
scription of the various practical developments implementing this technique, that have
been used in experimental work presented in this thesis.

Chapter 5 presents the development of a series of multi-dimensional optical encoders,
using laser interferometry and range-resolved interferometric signal processing. The
principles behind the design and development of each encoder are presented, as well as
experimental work and results characterising the capabilities of each approach.

Chapter 6 presents the development of a novel technique for wavelength stabilisation
of widely-modulated laser diodes, such as those used in range-resolved interferometry.
The principles underpinning the technique are detailed, followed by the design, under-
taking and results of characterisation experiments applying this technique, which are
then discussed.

Chapter 7 details experimental work comparing a highly-stabilised helium-neon laser to
a widely-modulated laser diode stabilised using the presented novel stabilisation tech-
nique. The setup and results of these experiments are shown and then discussed.

Chapter 8 concludes this thesis. The experimental work and results presented through-
out the thesis are summarised, and discussion is given to the outlook of this work beyond
the scope of this thesis in potential future applications and work.



Chapter 2

Review of Displacement Measuring
Techniques

This chapter serves as a broad overview of precision dimensional metrology, directly re-
lating to the main techniques employed for distance and displacement measurements.
Whilst a wide variety of techniques exist for all manner of measurands in precision
metrology, here the focus is on techniques that directly measure the displacement or
absolute distance of a target surface from a given origin. Furthermore, in line with the
focus of this thesis on range-resolved interferometry, discussed further in Chp. 4} partic-
ular interest is given to techniques where parallels and comparisons to range-resolved
interferometry can be drawn.

2.1 Concepts of Metrology

Across the wide range of metrological applications, the terminology used to describe
the outputs and analysis of metrological techniques varies greatly. In an attempt to re-
main consistent when discussing these applications, the definitions used in this thesis for
some of the key terms used have been stated below. Here, the focus is on dimensional
metrology, so definitions have been considered with this as the primary application. In
general, definitions have been guided by [1-6].

Repeatability: The extent of the spread of a measured value within a single experiment.
Typically this is stated as a distribution with statistical bounds. For example, a data set
could be described as a Gaussian distribution with a 1o variance of X, where +X are
the statistical bounds containing 95% of the data.

Reproducibility: The extent of the spread of a measured value between experiments.
Unlike repeatability, this is calculated for a single measured value over multiple inde-
pendent measurements. This is also commonly stated as a distribution within statistical
bounds.

Precision: The total spread of a measured value. Whilst this is often conflated with accu-
racy or resolution, both of which are defined later, for precision metrological applications
precision represents the extent of the spread of a measured value. In other words, it is a
measure of how "close" a group of measured values is to one another.



6 Chapter 2. Review of Displacement Measuring Techniques

Accuracy: How close to the "true" value a measured value is. This includes the effect of
error on the measurement such as thermal noise, frequency noise, systematic measure-
ment deviations and environmental effects.

Resolution: The smallest measurable unit of a measurement system. This is also the
smallest measurable change a given measurement system could measure. Typically, this
can be considered as one standard deviation of the system noise [7].

Data Rate: The total measurement samples per unit time, usually limited by the hard-
ware capabilities.

Bandwidth: Depending on the context, this can refer to either optical bandwidth or mea-
surement electrical bandwidth. Optical bandwidth typically refers to a range of optical
frequencies that can be detected, or in the case of laser technology it can also refer to the
laser emission. Measurement bandwidth is typically defined as less than half of the data
rate, limited by the Nyquist theorem.

Linearity: In general terms, this is defined as how linear a response is to a given action.
In interferometry specifically, it is defined by the maximum amplitude of all the non-
linear errors contributing to the signal, such as periodic cyclic errors.

Noise: This is defined as added uncertainty to a measured value. This is typically caused
by environmental, electronic or thermal changes that occur on a sample-by-sample basis.
Some common types of noise, and some of the sources of noise encountered in precision
metrology are summarised below.

Spectral Distributions of Noise:

¢ 1/f Noise - Commonly found in electronics and laser technology, 1/f noise, some-
times called pink noise or flicker noise, has a noise power that scales inversely
with frequency. As a result, this noise source commonly dominates spectra at low
frequencies, but is significantly-reduced at higher frequencies

¢ White Noise - Quasi-random noise occurring across all frequencies. For example
in laser technology, the laser frequency noise due to the laser linewidth is often
described as white noise.

Sources of Noise:

* Frequency Noise: - Alternatively referred to as phase noise, frequency noise refers
to fluctuations in the instantaneous frequency of the laser source emission which
is defined as the time derivative of the optical phase. Typically this originates from
quantum noise such as spontaneous emission, or a physical source of noise cou-
pling into the laser, such as temperature fluctuations.

* Optical Shot Noise: - A quantum noise effect arising from the discrete nature of
photons, optical shot noise is a fundamental limit to the optical intensity noise that
can be measured.

e Jitter - Jitter is temporal noise, typically occurring in electronic components, where
it affects determinate sampling or other I/O. This can also occur in pulsed lasers,
where jitter can affect both the length and determination of pulses.
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¢ Electrical Noise - Noise generated by electrical components. This is often used as a
catch-all for a range of noise sources including 1/f noise, thermal noise (noise in
electronics due to transient resistance changes) and shot noise (noise due to vari-
ations in electron motions). For digital systems, electrical noise can also include
quantisation noise

Drift: — Here, drift is defined as the as the change in a theoretically fixed value over a
period of time. Examples include wavelength drift, which is predominantly important
in laser applications. Also included is thermal drift which impacts nearly all optical
metrology applications, causing thermal expansion of the metrology frame as well as
causing refractive index changes to the optical medium.

Stability: - Stability is a measure of how constant a theoretically fixed value is. This is
typically stated as a change in a measurand over a unit time in applications where there
are time-dependant conditions.

2.2 Displacement Measuring Metrology

The state of displacement measuring metrology has implications and applications far
beyond the extent of the laboratory. Modern production and manufacturing techniques
for example, used to produce nano-scale electronic and optical components such as tran-
sistors, require high-precision machinery capable of accurate positioning at nanometre
levels. The position measurement techniques employed by these machines must oper-
ate at appropriate distances with high resolution and accuracy, typically utilising optical
and non-optical techniques to feed back information about their current position and
orientation. Appropriate review papers have been considered such as those covering;
the state-of-the-art in displacement measuring metrology by Fleming [4], the calibration
of displacement sensors by Haitjema [6] and the state-of-the-art in interferometry for dis-
placement measurements by de Groot et al. [8] amongst others [9-13]].

While the focus of this review is on those techniques used for displacement measuring
applications such as in-process position monitoring, this is by no means the extent of
techniques in this area. Specific attention has been given to techniques that can be com-
pared reasonably directly with laser interferometry, which is of significant interest in this
thesis, where in Chp. E] the development of multi-dimensional encoders using a laser in-
terferometric technique is discussed. In particular, not covered by this review, but also
utilised in this area are techniques such as strain gauge sensors and induction sensors.
In principle while these techniques are as equally applicable to displacement measur-
ing applications, they are less directly comparable to laser interferometry, either due to
significantly reduced measurement ranges, resolutions or precision.

In addition, while not directly applied to in-process position monitoring there are a range
of techniques for displacement and distance measurements used in other applications
in dimensional metrology. One such example is one-off checking applications such as
coordinate-measuring machines (CMMs), used for topographic and surface measure-
ments of complex 3D objects, also used in additive manufacturing. CMMs use tech-
niques such as tactile sensors, measuring the displacement of a contact probe, and x-ray
tomography [14] to measure in 3D both internals and surface profiles [15]. Similarly,
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white light interferometry [16] and optical coherence tomography (OCT) [17], used to
measure surface heights of 3D objects use interferometric techniques such as those dis-
cussed in further detail in Sec. 2.3

In this section, some of the techniques used in dimensional metrology, as they relate
to displacement and absolute distance measurements, are summarised and discussed.
These are broadly divided into two categories; non-optical and optical techniques. The
typical advantages of these techniques are presented in addition to some of the limita-
tions of each, in particular the resolutions and ranges achievable, which are summarised
in Table 2.1, Following this, the extension of these techniques towards measurement
of multiple spatial dimensions is discussed including the complexity required to imple-
ment multi-dimensional sensors, which are summarised in Table This is of particu-
lar interest, as the work in Chp. 5 of this thesis concerns the development of an existing
metrological technique for a multi-dimensional application. As a result, comparison of
techniques in this area specifically for extension to multiple dimensions is highly rele-
vant.

2.21 Non-Optical Techniques
Hall Effect Sensors:

Hall effect sensors, illustrated in Fig. use the principles of magnetic induction to
detect the presence of objects with magnetic fields. Named after Edwin Hall who first
discovered the effect in 1879 [18], the Hall effect is the generation of voltage in a elec-
trically conducting material transversely to the direction of current in the presence of a
magnetic field. This occurs as electrons are "deflected" in the transverse direction in the
presence of the magnetic field.

B b) c)
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Position

FIGURE 2.1: a) Basics of a Hall effect element comprised of a conductor

in a magnetic field § with an applied current I, generating a Hall voltage

Vi1an (recreated from [19]). b) Example of a Hall effect sensor with moving

magnetic field. c) The resultant output from the Hall effect sensor shown
in b).

The Hall effect has been well explored in the area of displacement and distance sensors
[20], with applications such as rotary encoders for brushless motors [21] and in linear
encoders [22,23]]. As Hall effect sensors can be achieved using very simple components
they can be manufactured and produced cheaply and simply, and their use of magnetic
fields provides an insensitivity to dirt and other environmental effects that hinder optical
techniques, such as those discussed later. The drawback of this is that Hall effect sensors
are highly sensitive to non-uniform magnetic fields, particularly in cases where multiple
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probes or "Hall-Arrays" are used, and the operational range of these sensors is limited by
the magnetic field strength. Hall effect sensors have been shown to achieve resolutions
as low as ~1 um from high sensitivity arrangements, however this comes at the cost of
increased sensitivity to external magnetic fields [24].

Capacitive Sensors:

Capacitive sensors also take advantage of electromagnetic field properties, specifically
the effect of electric fields, which allows them to operate with no contact between sensor
and target surface. The simplest form of a capacitive sensor is two parallel plates, with a
capacitance that can be measured by applying an electric current between them, several
designs of which are illustrated in Fig. Using the simplest form of the capacitance
equations, shown in eqn. for a fixed sensor area A and dielectric constant x, and
using the permittivity of free space €y, the distance d between the two plates is directly
proportional to the capacitance between them, C [25].

_ €okA

="

@2.1)

As a direct result of eqn. the fundamental limitation of any capacitive sensor is the
precision and resolution to which the capacitance can be measured. To measure the ca-
pacitance of the sensor, a typically sinusoidal, AC voltage is used to drive the sensor,
and lock-in techniques are used to separate the measurand from the changes due to the
driving voltage [19]. Existing developments have been shown to achieve sub-nanometer
resolution displacement measurements [26-29] with low non-linearity errors for short
measurement ranges, and as a result are among the most widely-used non-optical sen-
Sors.

Lateral Moving Moving Axial Moving
Plate Dielectric Plate
JI 7

FIGURE 2.2: Different types of capacitive sensor (recreated from [24]). For
each pair of plates, the dielectric material is shown in blue.

However, due to the intrinsic limitation of electric fields, the range at which capacitive
sensors can operate is severely limited, with a typical maximum sensing range of 10mm
and strong angular alignment requirements that limit the operational capabilities of ca-
pacitive sensors. These strong angular alignments also arise from the definition of the
capacitance, which varies based on the aligned area of the plates. It can therefore be un-
derstood that misalignment or alignment changes during sensor operation would cause
the calibrations between the capacitance and the displacement of the plates to be inac-
curate. As a result of this, and the inverse relationship between the capacitance and
the distance between the plates, calibration of capacitive sensors is required and typ-
ically requires polynomial fitting. Furthermore, while the core principle of capacitive
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sensors is simple to produce, the electronics required to measure the capacitance, shield
the measurement and then determine the displacement typically makes them more com-
plex than many other sensor types and increases the cost of each sensor [30, 31].

Linear Variable Differential Transformers

Linear Variable Differential Transformers (LVDTs) transfer linear mechanical motion into
an electrical signal, and are commonly used in position, displacement and motion sen-
sors. To achieve this, a series of coils, typically designated as the primary and sec-
ondary coils, surround a core of magnetically permeable material which can move freely
through the coils. An example design of an LVDT is shown in Fig. An AC current is
passed through the primary coil, typically the innermost coil, which excites a magnetic
field in the core and induces an AC current in the secondary coils. When the core is
moved, the distribution of flux changes and the amplitude and phase of the induced AC
current in the secondary coils change. By measurement of the current in the secondary
coils, information about the position, direction and motion of the core can be deduced.

Prima
Coil
Secondary @ Secondary
Coil 1 Vi Coil 2
ANAN N NN N
Core quvidiveunnns
Motion .
\VAAVAV) I \VAAV AV V) ] VUV
|
Vsccl Vse(‘Z

FIGURE 2.3: Cross-section of a typical LVDT displacement sensor
(adapted from [32]).

The output signal of an LVDT sensor is interpreted by appropriate signal electronics,
similar to that of capacitive sensors. The advantages of LVDT sensors lie in their simplic-
ity, cost-effectiveness and high resolution. Due to the low impedance of the secondary
coils, very low levels of electrical noise can be achieved. On the other hand, LVDT sen-
sors typically have a very low measurement bandwidth, caused by the limiting of the
AC driving current to a few kHz. Higher frequencies would increase the measurement
bandwidth, but induce eddy-currents in the core, which limits the performance of these
sensors [19]. In addition, LVDTs are highly sensitive to electromagentic fields, where
changes in the magnetic flux will alter the measurements of current in the secondary
coils. This same sensitivity imposes precise alighment requirements between the core
and the coils, as changes in the alignment between the two would completely alter the
calibration between the coil readings and the position of the core. Furthermore, whilst
technically a non-contact method, this requirement for stable alighment between core
and coils typically results in a need for bearings to smoothly manipulate the core. The
theoretical limitation of LVDT sensors arises from the electrical noise, specifically the
thermal noise of the electrons, in the ferromagnetic core and coils (also called Johnson
noise). However, standard analogue electronics typically have a practical limitation of
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approximately 10 pm for a typical 5 V driving amplitude, which results, for a minimum
typical range of 0.5 mm, in a maximum resolution of 5 nm over 1kHz bandwidth [24].

Piezoresistive Sensors

Piezoresistive sensors use semi-conducting materials to create positive-negative (p-n)
junctions across which electricity can flow. As stress is applied to the material, such as
through stretching, the electrical resistance of the semi-conducting material is changed
[24]. For a typical piezoresistive sensor aligned along the x axis, shown in Fig. the
relationship between the change in resistance AR and the changes in the tensile stress
components for each axis oyy, Tyy, 0z Can be expressed using eqn. shown below.

AR = R [mtp0xx + 77 (03 + 022) (2.2)

Here, R is the typical resistance of the junction with no strain applied, and 7r;, and 7t
are the longitudinal and transverse piezoresistive coefficients of the junction, which can
be calculated from the orientation of the junction material crystals [33]. In the case of
displacement sensors for example, one end of the material can be affixed to a moving
stage and the other to a known reference surface, where stress changes due to stage
motion can be converted into measurements of displacement. In order to achieve this,
a constant current (CC) is applied across the p-n junction that requires highly precise
real-time voltage readout capabilities.

Metal n' contact

L / /

Y
n-well p substrate

FIGURE 2.4: Cross-section design of a typical piezoresistive semiconduc-
tor bridge, arranged along the x axis (reproduced from [4]).

Piezoresistive sensors can be produced with exceptionally small sizes using advanced
micro-machining techniques which is of huge benefit over other non-optical methods
that typically have more demanding requirements for space due to the inherent size
of the sensing units. However, the measurement range of piezoresistive sensors is re-
stricted by the sensitivity required, as the change in resistance due to piezoresistive ef-
fect scales inversely with the length of the sensitive junction. In addition, the resistance
of the piezoresistive material is typically sensitive to thermal changes, causing drift in
the measurements. Regardless, high resolution measurements have been achieved using
piezoresistive sensors [34-36] that offer comparable resolutions and noise levels to other
non-optical techniques whilst remaining cheap to produce.
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2.2.2 Optical Techniques
Linear Optical Encoders:

One of the principally simplest forms of optical based sensor are linear optical encoders,
also referred to as pattern-based or pattern-strip encoders. Using strips of a well-known
and calibrated engraved or etched pattern, an optical sensor head reads along the pattern
strip to determine the displacement between the reference strip and sensor head. A
typical linear optical encoder, an example of which is shown in Fig. is comprised of
a collimated light source, a detector or imaging system, and a pair of ruled gratings; a
reflective scale reference grating, and a transparent index grating which forms part of
the reading head.

Li%ht source and
collimating lens

Detectors Reference Grating

FIGURE 2.5: Example design of a incremental linear optical encoder using
an index grating and reflective grating (Adapted from [3]))

Depending primarily on the grating period as well as the optical design, a variety of
techniques are collected under the term "linear optical encoders”, some of which are
summarised below;

Imaging: Imaging techniques are typically used with geometric gratings or rules, where
the separation of the two gratings typically creates a Moiré pattern [37-39] at an
imaging plane. As the gratings move relative to one another the intensity mea-
sured by a photodetector at the imaging plane changes periodically with the rela-
tive displacement between the two gratings. Typically, the index grating has a pe-
riod twice that of the reference grating, with periods varying from less than 1 ym
to several hundred micrometers [3].

Interfering: Interferometric techniques, sometimes also referred to as "grating interfer-
ometers", use scale gratings with significantly lower grating rule periods, typically
less than 10 um, where diffraction effects become dominant [40]. Here, diffracted
orders of the interference signal are measured and electronically combined to pro-
duce a relative encoder phase signal describing the displacement between the two
gratings. Using interpolation, very high resolution measurements can be made of
the relative displacement between the two [9, 41-43], thanks to the sub-laser wave-
length measurement techniques utilised by laser interferometry, discussed further
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in sec. with example resolutions as low as ~5 nm [4]. In addition, optical grat-
ing encoders are capable of measuring a wide variety of measurement ranges, as
feasibly low as tens of millimetres to as high as several meters [9] depending on
the implementation and grating design.

Linear optical encoders can be further classified as either incremental or absolute en-
coders depending on whether they measure relative displacement between the gratings,
or absolute distances travelled. Incremental measurements can be achieved using the
previously discussed techniques with the inclusion of a reference marker that is used
to calibrate the start position of the encoder during referencing or after loss of signal.
Absolute measurements however require the addition of further reference markings or
code tracks that encode the absolute position between the readout head and the refer-
ence scale, typically using a Gray code[44, 45]. As a result, absolute encoders typically
have larger scales than their incremental counterparts making them lower resolution
and more sensitive to alignment errors and mechanical or thermal noise. Instead they
benefit from the ability to retain position information in the event of a loss of power or
temporary obfuscation of the read head.

Rotational measurements can be achieved similarly to the linear measurements dis-
cussed thus far, where instead of a single axis grating, the reference grating is arranged
around the radial axis with the readout head fixed in place.

In addition to a high resolution and range, linear optical encoders also offer the ability
to create compact readout heads with in-built index gratings, and a minimal footprint
required by the reference scale. However, the limitations of linear optical encoders typi-
cally arise from the precision at which the gratings, both index and scale, can be created,
where errors in the ruling of the gratings directly translates into errors in the determina-
tion of displacement. These errors scale with the precision of the grating ruling required,
so gratings for interfering variations are typically both more costly and more suscepti-
ble to ruling errors. The gratings are also highly sensitive to thermal changes, where
thermal expansion of the grating materials can cause the gratings to deform or extend,
introducing further error into measurements [46]. Linear optical encoders are also highly
sensitive to the geometry of the system, where angle changes between the scale grating
and readout head can cause large measurement errors or loss of signal . As with nearly
all optical techniques, dust or other particulates which obscure the optical path will also
cause the loss of signal and hence require either a closed unit, regular cleaning, or miti-
gating design concepts such as widening the tracks and using imaging arrays to capture
the signal, however these pose new limitations such as increased size and cost.

Phase-evaluating Laser Interferometry

Laser interferometry describes the technique of creation and analysis of interference pat-
terns created by two or more coherent laser beams interfering. While a broad range
of techniques and applications can be described under this terminology, for precision
metrology specifically the interest lies with analysis of two-beam interference signals, in
particular phase analysis [5]. In general terms, an optical beam from a coherent source
such as a laser is split into two separate optical beams. After the two beams traverse
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a given optical path they are recombined at a photodetector. Depending on the opti-
cal path difference (OPD) between the two optical beam paths, an interference signal is
formed at the photodetector. These interferometers can be configured in a number of
ways, both in free-space using bulk optics and in-fibre using fibre components, such as
the two different in-fibre interferometer configurations illustrated in Fig.

a) Mach-Zehnder b) Michelson

Arm 1 ArmL)

Laser m

Arm 2
>}

FIGURE 2.6: Illustrations of two different in-fibre interferometer configu-
rations. For each, the laser diode and photodetector (Pd) is labelled along
with the intended direction of light through the fibre.

a) Mach-Zehnder b) Michelson

Fig.[2.6/(a) illustrates a Mach-Zehnder style fibre interferometer, where the two arms of
the interferometer are well separated, and each path is only traversed once. The sensi-
tive region of this interferometer is between the two couplers, where the two arms are
labelled. Fig.[2.6(b) illustrates a Michelson fibre interferometer, which operates by reflec-
tion. After reflecting at the end of one arm of the interferometer, the light travels back
down the arm and through the common path to interfere at the detector. Here, the sen-
sitive region starts after the light is split and extends down each arm until the reflection
point.

In bulk-optic interferometers, the interference pattern created by the interference of two
beams which have traversed paths with an OPD, contains a series of fringes created
by the constructive and destructive interference of the wave-fronts of the two optical
beams being superimposed on one another. As the OPD is increased or decreased the
interference fringes will move, and by analysis of these fringes, direct information about
the change in optical path difference can be determined. The interferometric transfer
function, illustrated in Fig. describes the relationship between the measured inter-
ferometric phase and the measured intensity.

IH

[=1+A.cos(0)

FIGURE 2.7: Example interferometric transfer function with equation I =
1+ A.cost
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Without interferometric signal processing however, the direction of this motion cannot
be determined. To determine the direction of motion, and often magnitude, of motion,
signal processing techniques are used. Depending on the type of interferometric tech-
niques employed, different signal processing techniques are used to evaluate the inter-
ferometric signals, most notably homodyne, heterodyne and pseudo-heterodyne tech-
niques, which are discussed later in Sec. [2.3|of this chapter.

Laser interferometry has quickly become the "gold standard" for displacement and posi-
tion measuring metrology [8| 24, 47-52|], as measurements are intrinsically linked to the
emission wavelength of the laser source unlocking measurement resolutions below that
of competing techniques. As both laser technology and analysis techniques have im-
proved, the measurement resolution achievable by laser interferometry has been driven
lower and lower, with sub-nanometer measurements now achievable. In addition to
the high resolutions achievable with laser interferometry, laser technology also permits
a wide range of application-dependant measurement ranges, varying from as low as a
few nanometers up to kilometres. These extensive ranges and high resolutions typically
come at a cost, where here the cost is the complexity and associated price of the in-
terrogation systems used to evaluate these interferometers. The principles behind laser
interferometry and a selection of the techniques that use these principles are discussed in
further detail in sec. and some of the limiting uncertainties are discussed in sec.[2.3.5|

Absolute Interferometry:

In contrast to the phase-evaluating laser interferometry discussed above which performs
relative measurements of phase changes, absolute interferometry focuses on perform-
ing measurements of absolute distances [16, 53]]. Several techniques are summarised by
absolute-interferometry, including optical coherence tomography [17], swept-frequency
interferometry [54], dual optical-comb interferometry [55] and spectral interferometry
[16]. While the techniques differ, the core principles remain the same; combination of
measurements from a series of emission wavelengths or several sources into a single ab-
solute distance measurement of the target surface. In swept-frequency interferometry,
a single laser source with free-spectral range vg is swept through a range of emission
frequencies vs, and is incident on an interferometer. At the output of the interferometer,
a number of fringes, N, are swept through, and the optical path length of the interferom-
eter L can be calculated [3]:

c cN
=_— = 2.3
ZVR 21/5 ( )

for a Michelson or Fabry-Perot interferometer in vacuum, where c is the free-space speed
of light. In dual-wavelength or two-color interferometry, the single swept laser source
is replaced by two sources emitting at a single wavelength or a single source emitting
at two separate wavelengths, and the measurements from both emission wavelengths
are combined to calculate the absolute distance. An example of this is dual optical-
comb interferometry, where two optical frequency combs (OFCs) with slightly different
repetition rates are used. The emission from one OFC passes through an interferometer
such as a Michelson as usual, directly interfering with the output from the other OFC at
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a photodetector. This generates a beat frequency signal containing the absolute distance
information. An example of a dual optical comb interferometric setup with a Michelson
interferometer is shown in Fig.
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FIGURE 2.8: Illustration of an example dual optical comb interferometer
setup using a Michelson interferometer. Adapted from [55]

In spectral, or dispersive, interferometry, a singular optical comb with an interferometer
is employed. In this technique, at the output from the interferometer a spectrometer is
used with a dispersive element, such as an optical grating, to separate out the various
comb frequency components, which are incident on a array of charge-coupled devices
(CCDs). An example illustration of this, with the addition of a dispersion compensating
plate, and a Fabry-Perot etalon to separate out specific frequency components, is shown

in Fig. @}
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FIGURE 2.9: Illustration of a typical setup for spectral interferometry fea-

turing a single optical frequency comb source with a Michelson interfer-

ometer. Notably the inclusion of a dispersion compensating plate ensures

each of the measured frequency components has travelled the same path
length before interfering. Adapted from [56]

For all of the discussed techniques, measurements can be made with a precision of sub-
micrometers, and approaching the nanometer-level [55]. The range these measurements
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can be made over is equally comparable, however their predominant usage is in long-
range measurements over several meters or further [3, 55]. The current state of dual
optical comb techniques has been reviewed by Zhu et al. [55], where the advantages of
optical comb based techniques, such as the high spectral resolution and fast pulse rate
are investigated.

TABLE 2.1: Summary of a selection of techniques for displacement mea-
suring applications. Values derived where appropriate from [4, 5,7, [11].

Sensor Type Achievable Measurement Contact Typical
Resolutions Range Limiting Features
Hall Effect 1 ym 10 mm Close Sensmv'e t(.) external
magnetic fields
Strong angular
Capacitive 05-2nm  10ym-10mm  Close alignment
requirements
Sensitive to external
LVDT 5nm 0.5 - 500 mm Yes fields and angular
alignment changes
Pi - Highly sensitive to
iezoresistive 0.5-10nm 1-500um Yes
thermal changes
Imaging Linear Highly sensitive to
0.2-5nm 100 mm No ruling errors and

Optical Encoder angle changes

Complex optical setups,
0.1-2nm 100 mm No highly sensitive to

Interfering Linear

Optical Encoder .
grating errors
Laser Complex, 'costly
>1pm nm - km No interrogation
Interferometry
hardware
Costly interrogations
Absolute hardware, sensitive to
>1nm nm - km No e . ..
Interferometry drifts in laser emission /
comb drift

2.2.3 Extension to multiple dimensions

Whilst all of the above techniques are suited to single dimension measurements in their
respective applications, when extended to multiple dimensions, such as required by
applications such as stage encoders used in nano-scale manufacturing, they each pose
unique challenges and limitations. Theoretically, the extension of any technique to any
number of dimensions can be achieved simply through the addition of more sensors,
copying the complete components of a linear sensor, for each dimension of interest.
Practically however, in the majority of applications there are constraints on size, cost
and in some cases electrical budget, where adding more sensors is inefficient or infea-
sible. Instead, here the interest is in examining the techniques discussed above in cases
with similar setups where they have been extended to measure multiple dimensions
simultaneously.
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Contact Techniques

In general, contact techniques or those that require close proximity to the target surface
such as the majority of non-optical techniques and pattern-based encoders, introduce
complication into any sensor design when extended for multiple dimensions. In some
cases, such as capacitive sensors and LVDTs, this is limited by the strong angular re-
quirements of the electrodes or coils. In other cases, it is the size and space required
by additional components that adds additional complication to multi-dimensional se-
tups. In the case of Hall effect sensors, some prior work in the use of Hall effect arrays
such as papers published by Hu et al. [57] and Kawato et al. [58] has shown comparable
resolutions to existing linear Hall effect sensors however the increase in size required
is significant. In addition, there is to be expected increased sensitivity to transient and
inhomogeneous external magnetic fields that limits both the accuracy and precision of
such setups.

Non-contact techniques

Of the optical sensors, specifically imaging linear optical encoders, complex planar grat-
ings have been developed for 2 dimensional measurements such as those by Shimizu et al.
[59], however these typically require reading heads with greater size and complexity that
limit their potential applications. For interferometric techniques such as laser interfer-
ometry and absolute interferometry that can easily perform non-contact measurements
of a target surface, measurements in multiple dimensions typically require multiple sens-
ing heads or optical access ports. Interfering linear optical encoders using high precision
have achieved success with multiple degree-of-freedom measurements in many differ-
ent configurations [60-66], many of which are reviewed by Hu et al. [9], however these
typically require complex setups with numerous, and typically polarisation-sensitive,
optical components which adds significant complication in the design. In general there
is a lack of compact, non-contact techniques that can suitably measure multiple degrees-
of-freedom without the need for complex optical setups. This is part of the research gap
explored in this thesis in Chp.[5] Expanding on table[2.1] table 2.2 describes the metrics
associated with extension of these techniques into measurement of multiple degrees-of-
freedom and a brief description of the complexities associated with each method.
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TABLE 2.2: Comparison of existing displacement measuring technologies
for multi-dimensional measurements and the requirements imposed by

these.
Achievable N .Of Me'asured Complexity in
Sensor Type . Dimensions . .
Resolutions Sensing Region
per Sensor
Hall Effect ~1 ym lor2 1 sensor or
array of sensors
Capacitive 0.5-2nm 1 1 sensor
Core and coils
LVDT ~5nm 1 or attached beam
Piezoresistive 0.5-10 nm 1 1 semiconductor bridge
. . 1 scale (1D grating
Imagmg Linear 0.2-5nm lor2 or 2D planar grating)
Optical Encoder .
and 1 readout unit
Variety of optical
Interfermg Linear 01-2nm 1-6 .componen_ts, .
Optical Encoder typically polarisation
sensitive components
Laser >1 pm 1 1 mirror
Interferometry
Absolute .
>1 nm 1 1 mirror
Interferometry

2.3 Phase Evaluating Interferometry

After providing an overview of techniques for displacement measuring metrology, this
section will now review phase evaluating interferometry in more detail, as this forms the
core method of the experimental work presented in this thesis. Firstly, the key principles
of phase-evaluating interferometry are presented, including the general mathematical
theory underpinning it, followed by discussion of the uncertainties involved.

2.3.1 Principles and Theory

In 1887, whilst attempting to prove the existence of the "luminiferous aether", a medium
that supposedly permeated space and allowed for the propagation of light waves, Al-
bert Michelson and Edward Morley published results from an experimental setup that
would continue to underpin cutting-edge research almost a century and a half later [67].
By separating a coherent source of light into two beams that are recombined after travel-
ling two optical paths, the first interferometer for displacement evaluation was created.
The Michelson interferometer, demonstrated in Fig. remains to date a steadfast of
modern techniques [40, 68].

As research has developed, novel techniques using laser interferometry have continued
to push the boundaries of measurement ability, demonstrating sub-nanometer [47, 50],
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FIGURE 2.10: Illustration of a free-space Michelson interferometer using

bulk optic components. The setup consists of a coherent source such as a

laser, a reference mirror (M;) and a beamsplitter plate (Bs), with a mov-

able measurement mirror (M,,). The signals from both arms interfere at a
photodetector (Pd) or screen

and in particular cases picometer [69-72]], resolutions. As discussed earlier, for phase
evaluating interferometry, it is not possible to determine the direction of motion that
causes a phase change in an optical interferometer without signal processing. In this
section, the key principles of phase-evaluating interferometry, as they apply to displace-
ment measurements, are discussed, followed by discussion of different signal generation
and processing techniques used in displacement measuring interferometry.

Theory of two-wave interference

The interference of two electromagnetic waves, such as the two beams in the Michelson
interferometer, can be used to extract information about the two waves that is otherwise
immeasurable in normal conditions. In the optical frequency region of the electromag-
netic spectrum for example, phase changes in individual beams occur at frequencies too
high for reasonable measurement and evaluation. Instead, two beams are interfered
and the relative phase difference between the two beams can be measured with greater
ease. This phase difference, or any change in phase difference, contains a wealth of in-
formation such as the conditions of the difference in optical path the two beams have
undertaken. In dimensional metrology in particular, the change in optical phase can be
used to determine changes in the optical path length of the interference region. Math-
ematically, the two interfering beams can be described as waves with amplitude U and
phase ¢ [73]:

up = Wpe'?  and  uy = Upe'? (2.4)

The observable quantity associated with the interference of these two beams however is
the intensity, I o |u|?, which for quasi-monochromatic light with complete polarisation
overlap can be mathematically described as:
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I = |uy 4+ up|* = U? 4+ U3 + 2U U, cos (1 — ¢)

2.5
=L+ 5L +2y 1112COS[A(P] @3)

where Ap = ¢1 — ¢o. Here, 24/T1I; cos[A@] is the interference term, describing the max-
imum constructive (cos A¢p = 1) and destructive (cos A¢p = —1) interference conditions
of the two waves. In theory, these equations hold true for quasi-monochromatic light
[74] with complete polarisation overlap for idealised waves of a single frequency, with
infinite length and with no change in phase difference A¢ in time. This is described as
perfect coherence. However in reality no wave has only a singular frequency, as de-
scribed by the Fourier theorem, so the phase difference between the two waves will vary
with time and an additional term relating the change in contrast between the beams over
the time of flight delay between the two waves |y(7)|, has to be incorporated.

[=1+b+2VLD |7(1)] cos [Ag (£)] (2.6)

This contrast term can be linked to the physically measurable quantity visibility, V, which
can be defined as:

Imax - Imin
V=——— 2.7
Imax + Imin ( )

Where I;;5x and I, are the maximum and minimum measured intensities respectively.
Using the conditions of maximum and minimum intensity previously stated at values of
(cos A¢ =1 and —1), i.e. constructive and destructive interference, this can be redefined
as:

_2yhh
V - Il + 12 |7(T)| (2'8)

(1) is known as the complex degree of coherence [74], and defines the ability of two
waves to interfere. The complete transfer function of the interferometer, describing a
total transition from a phase difference between two waves to an output signal from a
photodetector, is then given by:

Upa = Ry (1 + B +2v/Ih [7(7)| cos (8¢ (1)) (2.9)

where R,; defines the responsivity of the photodetector, relating incident intensity to
the signal output. This transfer function, illustrated in Fig. a), shows several key
features of interferometric signal processing, predominantly that the transfer function
is periodic over 27, co-sinusoidal and notionally only the phase difference (A¢(t)) can
be retrieved from analysis of this function. In the case of a two-path interferometer, the
co-sinusoidal transfer function means that outside of the quadrature points, occurring
at Ap = T + mm where m is any integer value, the value of the transfer function is
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highly non-linear, making signal evaluation significantly more complex. Fig. illus-
trates this, showing a co-sinusoidal transfer function for a two-wave interferometer. At
the quadrature points, highlighted in Fig. 2.1T(a) and with a closer example shown in
Fig.2.11b), the phase signal is linearly transferred to the photodetector signal. Outside
of these quadrature points, such as in the case shown in Fig.[2.1Tfc), the phase signal is
non-linearly transferred to the photodetector signal.
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FIGURE 2.11: (a) Illustration of an interferometric transfer function for
two-wave interference with quadrature points labelled (b) The transfer
function at quadrature points, where the phase signal is linearly trans-
ferred (c) The transfer function at a turning point where non-linear trans-
ference of the phase signal occurs. (Adapted from [75, 76])).

To evaluate the photodetector signal and extract the interferometric phase difference
information, A¢(t), interferometric signal processing techniques must be used. To do
this, a separate phase modulation function is introduced into the interferometric signal,
splitting the A¢(t) term into:

Ap(t) = d(t) + O(t) (2.10)

where ®(t) is the interferometric phase signal of interest, and ©(t) is the applied phase
modulation. To use this ©(t) phase modulation function to evaluate the desired inter-
ferometric phase signal ®(t), various modulation techniques are used which depending
on how the phase modulation function ©(t) is applied, can be distinguished as either
homodyne, heterodyne or pseudo-heterodyne interferometry, which are expanded on
further below.

With all of the above modulation and interference techniques, there remains the need
to separate the applied phase modulation ©(f) from the interferometric phase signal of
interest ®(t). To achieve this, a variety of demodulation techniques have been developed
for each of the modulation types discussed above. Here, some typical demodulation
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schemes are discussed that use quadrature demodulation to evaluate the phase signals
of interest.

2.3.2 Homodyne Interferometry

In homodyne interferometry, the modulation function ®(t) is introduced to the inter-
ferometer as a static, or series of static phase shifts ®, or more commonly as a time-
dependant modulation function @(t). In general, eqn. 2.9/ can be stated for homodyne
detection schemes as:

Upg = Ryg (11 4 L+ 2y | (1) cos [®(F) + @(t)]) @.11)

where ®(t) is the interferometric phase signal of interest, and () is the complex degree
of coherence introduced earlier [74]. In order to recover the interferometric phase signal
d(t), passive homodyne processing [77], uses a series of static phase shifts ®, between
outputs of the interferometer with n detectors, where each phase shifted component is
incident on a different detector. This allows the interferometric phase signal ®(t) to be
retrieved by combination of the photodetector signals using appropriate trigonometric
identities. This has also been achieved using polarisation-based phase shifting [78] in
polarisation-based quadrature homodyne interferometry, where the 90° phase offset in-
herent to circularly polarised light is used to encode the various phase shifts ®. Another
non-carrier method for homodyne signal processing is phase-stepping or phase shifting
interferometry [79]], where discrete phase steps are applied in a fixed sequence in time.
Unlike carrier-based techniques discussed below, phase-stepped processing is not con-
tinuous, and therefore both assumes and requires a constant value of the phase signal ®
over the time period of the phase stepped signal.

Homodyne interferometry has been well explored for use in precision dimensional metrol-
ogy, with applications in linear encoders [77, |80+84] and angle encoders [68} 85], and is
popular because it is simple to implement in most conditions.

2.3.3 Heterodyne Interferometry

While homodyne interferometry uses the interference of two beams with a single source
of fixed frequency v, heterodyne interferometry uses direct frequency modulation (DFM).
Here, a constant optical frequency shift is applied to one arm or beam of the interferom-
eter. For a frequency modulation of magnitude f,,, the resultant phase modulation is of
the form:

O(t) = fu2rmt (2.12)

and hence eqn.[2.9|can be restated as:

Upg = Ry (11 + L +2L D |v(1)| cos [®(t) +fm27tt]) (2.13)
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This frequency shift is most commonly applied through a frequency shifting acousto-
optic modulator (AOM) placed after the laser emission to generate two high frequency
waves, or two wavelength locking [86]. The frequency shift is then typically encoded
between the measurement and reference beams either through separate optical paths,
or between polarisation states of the laser with polarisation-sensitive optics to spatially
separate the measurement and reference beams.

These approaches to interferometry are advantageous for several reasons, most notably
that it shifts the frequency of the signal of interest to a regime away from DC, which
reduces errors caused by thermal or statistical noise sources that scale inversely to fre-
quency such as 1/f noise, giving it a superior signal to noise ratio compared to homo-
dyne interferometry. For signal processing in heterodyne interferometry, various tech-
niques have been used to extract the phase information such as lock-in methods [87],
zero crossing analysis [88] and Doppler frequency analysis [89} 90].

2.3.4 Wavelength-modulated Interferometry (Pseudo-Heterodyne)

In addition to homodyne and heterodyne approaches, alternative techniques using car-
rier waveforms have been explored. In these techniques, time-dependant carrier wave-
forms ©(t) are applied to the interferometer through direct phase modulation (DPM) or
optical frequency modulation (OFM), the shape of which can be linear, in the form of
serrodyne (sawtooth) waveforms, or sinusoidal.

DPM techniques achieve this through modulating the optical path directly, for exam-
ple stretching an optical fibre using an acousto-optic modulator or modulating a Piezo
mirror in a bulk optic setup. OFM techniques, also called frequency-modulated con-
tinuous wave (FMCW) or serrodyne interferometry in the case of sawtooth modulation
waveforms, have historically used periodic ramp functions applied to the laser emission,
typically via modulation of the laser injection current [91} 92]. The frequency modulation
of the laser emission creates an applied phase modulation waveform in the interferom-
eter which is used as carrier function for the interferometric signal of interest. Optical
frequency modulation results in a phase modulation that is mathematically equivalent
to internal direct phase modulation of the interferometer, however is mathematically
distinct from the direct frequency modulation used in heterodyne interferometry.

Depending on the form of the optical frequency modulation used, various techniques
have been employed to demodulate the signals of interest from the phase carrier wave-
forms and these are discussed in the following sections. For single-carrier based ap-
proaches, quadrature demodulation is typically used, illustrated in Fig. where the
photodetector signal U,;(t) is multiplied by both the sine and cosine versions of the car-
rier signal with frequency f.. Both components are low-pass filtered, resulting in the
complex quadrature signal Ug. By appropriate coordinate transformation, the wrapped
interferometric phase signal ®(t) is produced.
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FIGURE 2.12: Illustration of quadrature demodulation for a single-carrier
demodulation scheme (adapted from Kissinger [76]))

whereas in sinusoidal approaches, the photodetector signal must be multiplied by a win-
dow function in the time-domain, which if the correct values for the window width and
position are set, allows the photodetector signal to be demodulated using the quadrature
demodulation scheme discussed above and illustrated in Fig. Otherwise, dual-
carrier approaches can be used to demodulate these interferometric signals. The follow-
ing subsections discuss in further detail techniques for demodulation of the different
carrier waveform functions.

Linear pseudo-heterodyne modulation

A linear pseudo-heterodyne modulation typically describes a sawtooth (serrodyne) or
triangle shaped waveform, applied as the frequency modulation waveform. The fre-
quency of a serrodyne modulation waveform with modulation amplitude As can be
mathematically stated as:

f(t) = As (; - [i(—l)kmkkf’”t)] n1> (2.14)

k=1

Here, the serrodyne modulation waveform is expressed as the sum of an infinite series
of sinusoidal waveforms, which approaches a perfect sawtooth as higher and higher
harmonics are included. However, linear wavelength modulation waveforms are decep-
tively difficult to apply, as non-linear effects in either the laser driver or the laser diode
itself can alter the waveform and hence cause error in the phase detection. In general,
this means that careful control of the applied waveform is required, accounting for the
multiple fundamental frequencies that form the linear waveform and any higher order
harmonics that can arise, as well as consideration of these in the demodulation process
[93]. As discussed previously, mathematically the phase modulation waveform ©(t)
caused by optical frequency modulation is identical to direct phase modulation of the
interferometer. As a result, many of the signal processing techniques associated with
homodyne interferometry can also be used for serrodyne interferometry [92], however
certain mathematical limitations exist on the conditions for successful demodulation of
the interferometric phase signal from the applied carrier function. Specifically, the car-
rier frequency has to be a harmonic multiple of one of the modulation frequency f,
harmonics in order to successfully demodulate the interferometric phase signal.
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Sinusoidal pseudo-heterodyne modulation

Another form of modulation waveform used in pseudo-heterodyne interferometry is
sinusoidal modulation. Similar to linear pseudo-heterodyne techniques, injection cur-
rent modulation [94] 95] is used to apply a modulation waveform to the laser emission
frequency, which results in a phase modulation in the interferometer. For a sinusoidal
modulation waveform, the frequency modulation wavefunction can be mathematically
described as:

f(t) = fe+6f sin 27T fint] (2.15)

where f. and Jf are the central laser emission frequency and modulation frequency
width respectively. The advantage of sinusoidally modulated approaches compared to
their linear modulated counterparts, is that the sinusoidal waveform only has a single
fundamental frequency with any higher harmonics falling at discreet multiples of this
frequency, allowing for simpler and easier control of the modulation waveform and sim-
pler demodulation regimes.

Sinusoidal pseudo-heterodyne techniques can be broadly categorised into a single or
dual-carrier techniques. In single-carrier techniques, similarly to those discussed previ-
ously, the nature of optical frequency modulation causes a phase modulation mathemat-
ically equivalent to direct phase modulation from within the interferometer. To this end,
the quadrature-based signal processing techniques discussed for homodyne and serro-
dyne signal evaluation are similarly suitable for sinusoidal, pseudo-heterodyne modu-
lated techniques. However, single-carrier based signal processing for sinusoidal modu-
lated techniques requires the addition of a window function in the time-domain of the
interferometric signal, in order to suppress side-bands of the signal of interest in the
frequency domain. This isolation of the frequency sideband of interest allows the inter-
ferometric phase signal to be retrieved without additional cyclic errors, which are dis-
cussed further in Sec. [2.3.5of this chapter. In general, published literature on windowed
sinusoidal processing typically utilises rectangular window functions for retrieval of the
interferometric phase signal, such as work by Sakai et al. [96] and Kersey et al. [97].
However, as discussed by Kissinger et al. [98], a discrete rectangular window function
requires tuning the demodulation phase carrier amplitude, so that there are only integer
multiples of the carrier waveform within the window period, limiting the permitted op-
tical path differences to only a discrete set. Instead Kissinger et al. proposed a different
technique called range-resolved interferometry, based on windowed sinusoidal pseudo-
heterodyne processing, that uses a smooth Gaussian function as a window, eliminating
the requirement for integer multiples of the carrier waveform. Range-resolved interfero-
metric signal processing is applied in the experimental work presented in this thesis and
the principles and theory underpinning it are discussed in further detail in Chp.

An additional category of signal processing techniques for sinusoidal pseudo-

heterodyne methods utilises dual-carriers to retrieve the interferometric phase signal.
Here, two or more carrier frequencies are evaluated, typically generated via sinusoidal
frequency modulation. Using Bessel function analysis [99]], the demodulation phase car-
rier amplitude is tuned until the Bessel coefficients for consecutive harmonics (one odd
and one even) have the same value. Using techniques such as the phase generated carrier
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method introduced by Dandridge et al. [100] which applies an arctangent demodulation
scheme, the interferometric phase signal can then be retrieved. Alternative techniques
for retrieval of the interferometric phase signal include analysis of further Bessel har-
monic carriers [101} 102] to analytically solve for the phase carrier amplitude and in-
terferometric phase signal, and the deep frequency modulation technique published by
Heinzel et al. [103], which uses direct phase modulation and evaluates up to 20 carrier
harmonics.

2.3.5 Uncertainty in Interferometry

As with any metrological method, interferometry has a number of sources of uncertainty
that should be considered and accounted for when discussing the capabilities and pre-
cision of any technique. These can be broadly separated into those linked with the mea-
surement technique, and with sources affecting the measurement of the measurand. The
former of these, uncertainties associated with the measurement technique, are typically
related in interferometric measurements with uncertainties in the laser emission wave-
length, uncertainties in the refractive index of the measurement space and cosine error.
Sources of uncertainty that affect the measurement of the displacement itself are inde-
pendent of the measurand, such as uncertainty in the measurement of the phase change,
errors due to thermal drift, and cyclic errors. The discussed sources of uncertainty, and
where they originate, are summarised in Table In this section, some of the major
sources of uncertainty are briefly discussed as they pertain to displacement measuring
interferometry.

TABLE 2.3: Summary of the main uncertainty sources in interferometric
displacement measurements

Uncertainty in the measurement Uncertainty in the measurement
technique of the measurand
Uncertainty in laser emission wavlength .
. . Cyclic errors
(Static and Dynamic)

Uncertainty in refractive index of
measurement mediums
(Static and Dynamic)

Cosine error Abbe errors

Thermal drift of optics
(Geometric changes)

Cyclic Errors

In interferometry, cyclic errors are non-linear errors that occur periodically with the wave
oscillations of the laser. The cyclic error adds an additional phase vector into interfer-
ometric measurements, which creates a non-constant error in any measurement of dis-
placement, restricting the linearity and hence precision of any approach. This concept is
easily seen in a Lissajous figure, such as the one illustrated in Fig.
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FIGURE 2.13: Illustration of cyclic errors in a Lissajous plot. a) shows no

cyclic errors and the measured phase vector (blue) forms a perfect circle

over 360° displacement. b) shows the case with an additional phase vector
(red), causing a resultant phase vector (orange).

These additional phase vectors result in non-linear evaluation of the interferometric
phase, illustrated in Fig.

A

Measured —— No Cyclic Errors
Phase . .
= With Cyclic Errors

True Displacement

FIGURE 2.14: Illustration of how cyclic errors contribute to non-linear
evaluation of the interferometric phase.

In heterodyne interferometry, a common source of cyclic errors occurs from polarisa-
tion cross-mixing, where imperfect isolation of the various polarisation states leads to
components of the measurement beams or reference beam "leaking" into the other [5,
7]. Cyclic errors can also occur when unwanted reflections or stray scattered beams
are multiplexed into the interferometric signal. Typical interferometric approaches are
unable to separate these spurious signals from the signals of interest, so additional un-
wanted phase components are added into the analysis of the interferometric signal. As a
result of the inherent limitations cyclic errors impose on the precision of interferometric
systems, several schemes have been developed for detection and compensation of cyclic
errors in both homodyne and heterodyne methods [104H108]. An early example of this,
the Heydemann correction [109] compensates for quadrature fringe errors using least-
squares fitting of a distorted ellipse to the Lissajous figure for a sufficiently wide data
set. From the fitted distorted ellipse, the error coefficients, including non-linearities due
to quadrature fringe errors, can be corrected for. More recently, frequency analysis com-
bined with linearization algorithms have been applied [110] to measure cyclic error in
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heterodyne interferometers allowing for optimisation of configurations to reduce cyclic
error contributions, as well two-wavelength approaches to cyclic error correction [111].

Wavelength Uncertainty

To establish an interferometric link between the measured phase change and the actual
length unit measured, the laser evaluation wavelength, A, is used. As the unwrapped
phase change is proportional to the measured unit length via the evaluation wavelength,
uncertainty in the measured unit length scales directly with the relative uncertainty in
the evaluation wavelength. The wavelength uncertainty can be further divided into
static wavelength uncertainty and dynamic wavelength uncertainty. The static wave-
length uncertainty is uncertainty in the true value of the emission wavelength of the
laser, and is often limited by the capabilities of the laser diode and driver themselves.
Typically this is reduced by measurement of the laser emission wavelength using a spec-
trometer, however at the highest levels of precision, the wavelength uncertainty is lim-
ited to the intrinsic linewidth of the laser, and significant work has been undertaken to
reduce this, discussed further in Chp.

Dynamic wavelength uncertainty describes uncertainty related to drift in the emission
wavelength that occurs during a measurement. Critically, where static wavelength un-
certainty is proportional to the change in optical path difference caused by a displace-
ment only i.e., the distance travelled, dynamic wavelength uncertainty is proportional
to the entire optical path of the interferometer, including the dead path. Dead path is the
optical path difference between the measurement and reference beams at the position
where the interferometer electronics have been zeroed [112]], i.e. the OPD offset of the
interferometer. As a result, dynamic wavelength uncertainties have significantly more
impact than static uncertainty on the overall wavelength uncertainty. Stabilisation of the
emission wavelength over the measurement period is used to reduce this uncertainty,
and techniques developed to achieve this are discussed in Chp. 3, where discussion of
techniques for both short and long term stabilisation of the emission wavelength is in-
cluded.

Thermal and Refractive Index errors

Thermal changes primarily have two effects on the uncertainty of a measurement sys-
tem; changes to the geometry of optics within a system, and changes in the refractive
index of the medium, typically air, through which the sensitive regions of the inter-
ferometer pass. In the former case, thermal effects change the physical distances and
indices of the optics themselves, creating apparent changes in the optical path lengths
of the interferometer arms. This effect is increased for both a larger number of optical
elements and a larger imbalance in the amount and type of glass between the interferom-
eter arms. The latter effect, changes in the refractive index of the interference medium, is
well-explored for it’s implications on the traceability of interferometric measurements.
Most free-space interferometers use air as the medium the beam paths travel through,
outside of the glass optical components, and the refractive index of air is dependant on
factors such as temperature, pressure and humidity [113]. As a result, any change in
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these factors, most likely thermal fluctuations, will cause an apparent change in the op-
tical path length as measured by the interferometer. As in the case of wavelength uncer-
tainty, the uncertainty due to refractive index changes can be both static, and dynamic,
where static uncertainty occurs due to uncertainty in the true value of the refractive in-
dices or optical path length of mediums in the beam path, and dynamic uncertainties
occur due to changes in these factors during a measurements such as due to thermal
changes. Similarly, the static uncertainties scale only with the change in optical path
length of the interferometer, i.e., the distance travelled, whereas dynamic uncertainties
will scale with the entire beam path including ‘dead path’ outside the sensitive region of
the interferometer.

In order to account for these uncertainties, a quantitative approach can be taken using
measurements of temperature, pressure and humidity and using derived equations for
the refractive index of air from Edlén [113] or later, improved versions of these equations
[114] including work by Birch et al. [115,116] which adjusts Edlén’s original equations,
to account for changes to the International Temperature Scale, since their original publi-
cation. This approach requires data input from instrumentation measuring the tempera-
ture, pressure and humidity of the environment at the time of measurement, and makes
assumptions about the air composition, with variations on this accounted for in the un-
certainty values. An alternative approach directly measures the refractive index of air
using a refractometer [117, 118]], which is essentially a fixed path length interferometer.
Here, the measured phase change as the measurement arm chamber is exposed to the
ambient air from vacuum, compared to the reference arm maintained at vacuum, is used
as a direct measure of the refractive index of the ambient air. Unlike the previously de-
scribed method using empirical determination of the refractive index, refractometers are
not subject to uncertainty due to air composition, rather are measurements of the true
refractive index of the sample medium, independent of assumptions. However, thermal
gradients or general air circulation between the measurement and reference arms, as
well as gradients between the sample location and the real measurements space, can still
cause additional uncertainty. In order to assure true determination of the refractive index
over extended time frames, both methods require real-time or sampled measurement in-
strumentation, either measurement of the input parameters to the empirical equations,
or read-out and calculation of the phase changes from the refractometer.

Cosine Error

Cosine errors directly affect the measurement technique, specifically, they are geometric
errors that occur due to and angular misalignment between the measurement axis and
the axis of motion. As the name suggests, the cosine of the angle typically defines the re-
lationship between the measured displacement and the true displacement of the target.
Notably, in most interferometric techniques cosine error scales with the magnitude of the
target surface displacement and to a first order, the square of the angle deviation, how-
ever as discussed by Badami et al. [5], the proportionality of this scaling depends on the
target and the spatial geometry of the beam paths. For example, a corner-cube retrore-
flector will always return the reflected beam parallel to the incident beam, however a
planar mirror will return the reflected beam at the same angle to the mirror normal as
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the reflected beam which can cause additional errors. Fig. illustrates an example of
cosine errors, occurring from a corner-cube retroreflector.
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FIGURE 2.15: Illustration of cosine errors originating from a corner cube

retroreflector. The red line indicates the beam path incident at angle 6,

with the dashed version representing the beam when the corner cube

is displaced. The dotted central line indicates the direction of motion.
(Adapted from [5])

Abbe Error

Abbe error is the uncertainty derived from the angular misalignment of the target to the
measurement axis due to an offset between the measurement axis and the axis of motion.
Described by Ernst Abbe [119], the Abbe principle states that the measuring system, in
the case of interferometry - the optical beam axis, must be coaxial to the line of mea-
sured displacement, otherwise parallax errors must be accounted for. Typically, these
occur due to small angular differences between the target and the motion axis. As with
cosine error, the magnitude of Abbe error scales with the distance of displacement, how-
ever unlike cosine error, the error also scales, in the first order, proportionally with the
angle deviation 6 and the lateral separation between the motion axis and measurement
point (). In addition the type of target does not factor into this uncertainty. To state the
Abbe error, 6D gpp,, in interferometry, the point of interest POI and measurement beam
axis are defined, with the direction of motion assumed to be parallel to the measurement
beam axis. angular misalignhment between these is incorporated into the Cosine error
discussed previously. Fig.[2.16(a) shows an illustration of a measurement system where
the optical measurement beam is offset from the surface of a stage which is the measure-
ment POL Here, the measurement beam is laterally separated from the surface of the
stage, which is the motion axis by a distance (). The displaced stage has an angular error
of 0 associated with the motion. For illustrative purposes, only the corner cube is shown
at an angle.



32 Chapter 2. Review of Displacement Measuring Techniques

Measured Displacement D,,

QR____" 0D 4,
ST
Al'\ !
] \
5 ! AN ,'
Cd T —— + ----- 1---1\ '
] 1 N\ h
I 1 ‘),
. 1.
< mpm—————— <===f--=27] o
P !
POI 1’ ]
¢ e -
1 1
1
...................... frosreerne e .»:
Stage Stage | !
£ Y LA 1) R — -

) Actual Displacement D

FIGURE 2.16: Illustration of Abbe errors 6D 4pp, oOriginating from a corner

cube retroreflector mounted on a moving stage with the measurement POI

denoted. The displaced stage shows an angular error 6, with the lateral

separation of the measurement axis and the motion axis denoted as ().
(Adapted from [5])

For the measurement setup illustrated in Fig. the Abbe error 6 D 41, can be observed
from the distance between the measurement beam and the POI at the stage surface and
the angular error 6 of the target surface as it is displaced. Typically, the Abbe error is
calculated using a priori knowledge, such as the manufacturers specifications of angle
deviation and uncertainty over the stage motion range, and is typically comprised of two
individual components from the angular error in two mutually orthogonal directions.

24 Summary

In this chapter, an overview of displacement measuring techniques in precision dimen-
sional metrology is presented. A variety of techniques used in displacement measur-
ing applications are briefly described and illustrated, such as capacitive, Piezoresistive
and linear optical encoders, followed by discussion of the achievable resolutions, ranges
and limitations of each technique published in academic literature. Notably these tech-
niques include laser interferometry, which is the focus of the work in this thesis. These
techniques are compared in the context of single dimension measurements, however
following this, the various techniques are discussed in the context of multi-dimensional
measurements and the limiting factors that restrict the extension of these techniques. For
contact techniques, this is usually due to the size and space required by the additional
components needed for measurements in multiple dimensions as well as any strict an-
gular requirements, as in the case of electric and magnetic field-based sensors. For non-
contact measurements, these limiting factors typically arise from the complexity of the
sensors or components required for measurements in multiple dimensions. In general,
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a lack of compact non-contact techniques for multiple dimensions, that do not require
complex optical setups, is identified.

In addition, discussion is included of some of the key principles in laser interferometry,
specifically phase evaluating interferometry, as this is one of the main focuses of the work
presented in this thesis. The principles behind two wave interference, as well as homo-
dyne, heterodyne and pseudo-heterodyne interferometry are presented to provide the
foundation for the range-resolved interferometric signal processing technique presented
in Chp. ] Following this, some of the main sources of uncertainty in interferometry
are presented and discussed. This includes wavelength stability, where techniques for
improving this are discussed in Chp. [3|as the other main focus of this thesis.
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Chapter 3

Review of Wavelength Stabilisation
Techniques

This chapter broadly overviews and discusses some of the techniques used in laser-based
applications for stabilisation of the emission wavelength of a laser. Firstly, the principles
of stabilisation are discussed and a typical stabilisation process is outlined. Discussion
is then given to the differences between short-term and long-term stabilisation applica-
tions and the impact this has on stability requirements. This is followed by brief descrip-
tions of some of the most common stability references, the techniques used to interrogate
them, and their limitations. Expanding on these techniques, discussion is given to the
efficacy of these techniques in applications with wide-wavelength modulation where the
modulation depth is several orders of magnitude larger than standard references.

3.1 Fundamentals of Stabilisation

For any laser-based application, an understanding of the output wavelength of a laser is
important, as nearly every component in an optical system will have some wavelength
dependant characteristics such as transmission or isolation. As Chp. 2} Sec. dis-
cusses there are two types of uncertainty associated with wavelength stabilisation; static
uncertainty caused by uncertainty in the true wavelength of the laser emission before
measurements are made, and dynamic uncertainty caused by drift in the wavelength
that occurs during measurements. Further to this, quantifying the laser emission wave-
length and limiting these uncertainties is of particular importance in phase evaluating
laser interferometry where measurements are inherently linked to the wavelength of the
measurement laser. For high-precision applications, a precise measurement of the exact
central wavelength and linewidth of the output lasing beam is required.

To quantify the stability of the laser emission S, the ratio of the frequency variation or
uncertainty (6v) to the average emission frequency () is considered.

ov

S:T
1%

(3.1)

This fractional stability is unitless and can scale as necessary with the demands of the
application.
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In this chapter, stabilisation is discussed as the reduction of dynamic uncertainties over
the measurement period. Techniques for calibration of laser emission, primarily aimed at
reducing static uncertainties are well established and have significant commercial pres-
ence in the form of spectrometers and wavemeters.

3.1.1 A note on Wavelength vs. Frequency

In both stabilisation techniques and interferometric techniques, the terms "frequency”,
commonly represented by the greek character nu (v) and wavelength, represented by
the greek character lambda (A), are used interchangeably in an application-dependant
fashion. In keeping with this, in an attempt to remain consistent with the definitions
as published by the respective authors, in this chapter both wavelength and frequency
will be used as terms for the laser emission spectra. Regardless, the relationship between
frequency and wavelength is always consistent with standard electromagnetic principles
and can be defined with the speed of light in vacuum cy.

_
A= (3.2)

3.1.2 Principle of Stabilisation

A typical stabilisation process, illustrated in Fig. involves identifying or creating
some definitive, and importantly, fixed feature that is within the bandwidth of the laser
emission, for example an atomic feature such as an absorption line or a mechanical fea-
ture such as an optical cavity. The detection methods for the locking to this feature
vary greatly and a sample of the main techniques are discussed below. These detection
methods generate an error signal that is analysed and combined with an active feedback
system that controls one or more laser parameters, or mechanical components, to lock
the laser emission wavelength to the selected reference feature.

To
Application
Laser Diode
Frequency
Reference
Beamsplitter
Tuning Signal Frequency
(Temperature, Current Discrimination
or Mechanical) Signal
Feedback P Signal P
Control D r— Analysis D r=— Measurement
Amplitude Signal

FIGURE 3.1: Typical process for stabilising a laser diode

This process is broadly described as follows;

Frequency Reference: A reference with a fixed frequency, either atomic or mechanical,
that interacts with one or more incident beams to generate a frequency discrimi-
nate signal, containing information about the relative frequency between the laser



3.1. Fundamentals of Stabilisation 37

emission and the reference feature. A selection of potential references are discussed
below although typically these are either atomic, such as gas absorption lines, or
mechanical such as optical cavities.

Measurement: The frequency discrimination signal is converted into an electrical sig-
nal, typically using one or more photodetectors, to produce the error signal. In
some techniques, multiple photodetectors are used to record features such as the
laser emission without interaction with the frequency reference, and the outputs
from these are combined either in this stage to produce a single error signal, or in
the signal analysis step below.

Signal Analysis: The error signal is analysed using a wide range of techniques, dis-
cussed in further detail in Sec. of this chapter, dependant on the type of mea-
surement technique and the reference used. The purpose of this step is to produce
the amplitude of the error between the laser emission frequency and the frequency
reference that can be fed directly into the feedback control.

Feedback Control: Depending on the method of feedback used, the feedback control
converts the error amplitude into a tuning signal to adjust the laser emission fre-
quency towards the reference frequency. This can be either direct temperature tun-
ing or injection current tuning of the laser diode, or an electrical signal adjusting a
mechanical component such as the length of the laser diode optical cavity. This pro-
cess can also include control loops such as proportional-integral-differential (PID)
loops to adjust for transient effects.

Significant work has been undertaken in utilising stabilisation techniques following this
process, stabilising the output wavelength (or frequency) of single-mode, narrow band-
width lasers for a wide range of wavelengths. In general, wavelength stabilisation is
separated into two regimes; short-term stabilisation or long-term stabilisation where the
distinction between these two is typically governed by the application and hence re-
quirements of the laser.

3.1.3 Short Term vs. Long Term Stabilisation

This section compares short-term and long-term stabilisation, in terms of the distinction
between the two, the limiting factors of each and the various applications for which
these are suitable. This is followed by discussion of some of the techniques commonly
used for stabilisation work in both regimes. The principle distinction between short and
long-term stabilisation is the integration timescales over which they operate, with the
boundary typically defined as 1 second.

Short-term stabilisation refers to the locking of the emission wavelength of the laser over
timescales at or below 1 second, where the typical application of short-term stabilisation
is for the benefit of narrowing laser linewidths. Reduced laser linewidths are of specific
interest in a variety of applications, most prominently in order to reduce laser frequency
noise. Applications of short-term stabilisation include, but are not limited to optical
clocks [120], ultra-fast optical communications [121] and coherent LIDAR [122].

In long-term stabilisation, i.e. on timescales larger than 1 second, the objective of sta-
bilisation techniques is typically the maintaining of a fixed wavelength emission over
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an extended period. As in short-term stabilisation, this is typically achieved by locking
the laser emission wavelength to a fixed marker or standard reference, however here
the linewidth of the laser emission is considered less important. Long-term stabilisation
is required by such applications as precision range-Doppler imaging [123], optical fre-
quency combs for telecommunications [124] or laser cooling [125}(126]. Precision metrol-
ogy also requires long-term stabilisation, where measurements can take place over ex-
tended periods of time. For laser interferometry, as discussed earlier, this is of particular
importance as measurements are intrinsically linked to the emission wavelength of the
laser, and so the precision at which these measurements can be made can be severely
limited by the stability of the laser.

3.2 Active Stabilisation

This section discusses some examples of existing techniques for both long- and short-
term stabilisation of laser emission wavelength, including the advantages and limita-
tions of these. Firstly, some of the typical optical and mechanical references used in sta-
bilisation are discussed, followed by some of the techniques these are applied in. Here,
the techniques discussed are a small selection of stabilisation techniques that are typi-
cally applied alongside a primary application.

3.2.1 Frequency References
Optical Cavities

Optical cavities is the broad name for a variety of arrangements of optical components
that create a cavity in which an optical beam can resonate. The optical cavity in it’s
simplest form consists of two parallel, plane mirrors called the Fabry-Perot étalon, which
is discussed further below. In general, the arrangement of optical components allows
light of a particular frequency to resonate within a cavity while light of other frequencies
is suppressed by destructive interference.

Optical cavities can be either linear (or standing-wave) resonators or ring resonators.
In linear resonators, the light is principally reflected between two mirrors. There can
be any number of optical elements such as gain media between them, but the reverse
path will pass through the same set of optics in reverse. In ring resonators, the light
can circulate in two different directions so there is no effective "end" mirrors. The lim-
itations of optical cavities arise from the mechanical and optical components necessary
to implement them, in particular the cavity itself suffers from a noise limit dominated
by thermal noise. This can be reduced by using highly thermally stable components,
reducing the noise limit towards the phase noise limitation of the laser but typically still
requires another mechanical reference or adaptive calibration to calculate the true cavity
length.

Fabry-Perot étalon

The Fabry-Perot étalon is a specific subset of the optical cavity. Developed in 1899 by
Charles Fabry and Alfred Perot [127], it consists of two planar mirrors arranged parallel
to each other such that a resonance cavity is formed. In this cavity, light entering is
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reflected between the two mirrors and only light matching the resonance condition is
emitted back from the cavity. The resonance condition for light of wavelength A of a
simple Fabry-Perot cavity consisting of two plane-parallel reflective surfaces separated
by distance d with some integer n is:

2d = nA (3.3)

The Fabry-Perot étalon, due to the high-reflectivity of the mirrors, can achieve a high
finesse, which is defined by the width of the resonance peaks compared to the frequency
separation of resonance modes. This allows, by tuning of the inter-mirror distance, a
high wavelength resolution. This comes at the cost of reducing the free-spectral range
(FSR) of the cavity, that is the range of unique resonator modes possible. In laser sta-
bility, this is beneficial in reducing the number of examined modes, and allowing for
high-precision locking to a stable reference. The cavity itself however requires a tech-
nique of processing the reflected and/or transmitted light into information about the
difference between the probe laser wavelength and the intrinsic resonance frequency of
the cavity. While simple in principle, the Fabry-Perot cavity is limited by alignment de-
mands, where alignment of the two planar mirrors is critical to obtaining high finesse
cavities. For this cavity, alignment differences between the mirrors of less than a few
arcseconds is needed to maintain a good resonance within the cavity.

Atomic Absorption References

In atomic absorption references, atomic elements in a gaseous state are probed using
an optical beam. For a given element, the atoms comprising the element have discreet
energy states that the constituent electrons can occupy. To raise an electron from it’s
ground state to a higher energy level (or excited state), a photon of the correct energy
needs to be absorbed by the atom. In general terms, the energy of a single photon E with
wavelength A or frequency v can be calculated using the Planck constant /, the speed of
light in vacuum ¢y and the Planck-Einstein relation given by:

E="Lc=m (3.4)

where 1 = 6.62607015 x 1073 J.Hz ! and ¢y = 299,792,458 ms~!. Using this relation,
the wavelength of the photon needed to raise an electron from the ground state to an
excited state can be calculated. Critically, this photon needs to be the exact wavelength,
and hence energy, required by the electron for the atom to absorb the photon and the
electron to be excited. Using this principle, an atomic element can be probed using an
optical beam such as laser, with a linewidth wider than the excitation bandwidth, and
only the wavelengths of the beam that correspond to excitation energy levels will be
absorbed, with the rest passing through unchanged. By measuring the output power
as a function of the wavelength, significant reductions in the power at the absorbed
wavelengths are measured, and these are referred to as absorption lines. Fig. 3.2/ shows
an example absorbance spectrum for acetylene (C, H).
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FIGURE 3.2: Absorbance spectrum for acetylene gas (CoHy) in the near
infra-red at 256K (data from HITRAN [128])

A typical locking technique will use one or more of these absorbance features as a refer-
ence and depending on the wavelength of the laser emission, different atomic references
will be used to ensure strong absorbance features are present within the wavelength re-
gion of interest. Sealed gas cells are available as both free-space and fibre-coupled com-
ponents. However, the characteristic absorbance features of an atomic reference typically
have a dependence on several parameters including temperature, and pressure, which
can cause broadening of the spectral lines as well as small changes in the peak centres,
so stabilisation techniques often need to have good control over these parameters. A no-
table effect of this is called Doppler broadening, where the distribution of velocities in an
atomic reference causes an overall broadening of the spectral lines, typically overlapping
several absorbance features. In addition, the use of an atomic reference is dependant on
having gas lines available in the wavelength region of interest, and the references them-
selves have to be practical for use in terms of the handling, storage and setup.

Comparison

Atomic absorption references and optical cavities each offer advantages and limitations
that make the suited to different applications.

Atomic absorption references offer a pathway to traceable measurements, with absolute
frequency standards that are well documented and defined for a variety of gas condi-
tions such as temperature, pressure and molecular concentrations. In addition, atomic
references typically have very weak dependence on the environmental conditions out-
side of the sealed cell they are commonly packaged in, so can offer highly stable refer-
ences outside of lab conditions without extensive calibration or compensation needed
over long timescales.

Optical cavities on the other hand, are typically significantly more susceptible to the
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environmental effects such as refractive index changes, air circulation and thermal ex-
pansion of components, and require calibrated measurements to provide absolute sta-
bility of the laser emission frequency. However, high finesse optical cavities can pro-
duce frequency discriminate signals with high amplitudes and with exceptionally nar-
row linewidths, which is highly advantageous for short-term locking or applications
where reduction of the linewidth and therefore frequency noise is required.

As a result of these advantages over different timescales, it is not uncommon for sta-
bilisation techniques to include both types of reference in order to achieve long-term
stability with improved laser frequency noise [129], or calibration for absolute frequency
measurements over short timescales.

3.2.2 Stabilisation Techniques
Harmonic Frequency Stabilisation

Harmonic frequency stabilisation (HFS), also referred to as derivative spectrum stabili-
sation, is one of the principle techniques for locking light to a frequency reference. HFS
uses locking of the odd-ordered differential functions resulting from the transmitted
light through a frequency reference. Slight variations of this technique exist for both
atomic references and optical cavities, with example setups for each shown in Fig.
however the working principle remains the same. A small frequency modulation, with
an amplitude larger than the reference linewidth is applied to the laser emission, and the
odd-order derivatives (typically first or third order) of the quotient of the transmitted
waveform and modulation waveform are analysed. The quotient curves are distributed
anti-symmetrically on either the positive or negative halves of the vertical axes depend-
ing on which side of the reference frequency the laser emission frequency lies. From
these curves therefore, the frequency error can be determined and appropriate feedback
applied.
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FIGURE 3.3: Example setups for harmonic frequency stabilisation us-
ing (a) a gas vapour cell (b) a Fabry-Perot cavity as frequency references.
(Adapted from [130]).

The advantage of HFS lies in the relative simplicity of the setups required, with minimal
optical components to align in both examples however the stability is typically limited
to half the linewidth of the relevant feature. Early work by Tsuchida et al. [131] indicated
the efficacy of this stabilisation technique, demonstrating locking of an AlGaAs laser to
the linear rubidium D, transition with a frequency stability of 31072 over 10 ms, and
over long timescales of 100s, a frequency stability of 1.4x 10712,

Pound-Drever-Hall Technique

Developed in 1983, the Pound-Drever-Hall (PDH) technique describes a process for ac-
tive tuning of a laser diode to lock it to a reference cavity of a higher stability [132, 133].
By phase modulating the emitted laser light, a carrier frequency and two sidebands are
generated. When this light is reflected from a resonance cavity such as a Fabry-Perot, it
is measured using a high-speed photodetector. This photodetector signal, now consist-
ing of two un-altered side bands and a phase-shifted carrier component, is mixed with
a local oscillator in-phase with the original laser modulation. After low-pass filtering,
the resultant electronic signal gives a measurement of the laser emission wavelength in
comparison to the cavity resonance. Combined with a feedback mechanism, typically a
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proportional, integral and differential (PID) loop, the laser emission wavelength is tuned
to match that of the cavity resonance.

In conjunction with a Fabry-Perot cavity, the PDH technique creates an active laser sta-
bilisation system, an example of which is shown in Fig. Benefiting from the high
finesse and hence high wavelength resolution of the Fabry-Perot cavity, this system is
capable of achieving a high-precision locking standard.
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FIGURE 3.4: Example of a Pound-Drever-Hall experimental setup using

a Fabry-Perot étalon as a reference cavity. This setup uses a polarising

beamsplitter (PBS) and A/4 waveplate to separate the returning light from
the emitted light. (Adapted from [132]).

Figure shows an example setup of a Fabry-Perot cavity probed using the Pound-
Drever-Hall technique of laser stability and feedback. An optical isolator is used to re-
move back reflections into the laser itself, whilst a polarising beamsplitter, denoted PBS,
is used in conjunction with a quarter wave-plate to separate and redirect the light re-
turning from the cavity onto the photodetector. This setup comprises the basics of PDH
stabilisation, however variations of this design have been used to great effect, including
analysis of the transmitted light through the cavity. Using Fabry-Perot cavities combined
with the PDH technique, Webster et al. [134] demonstrated exceptional frequency stabil-
ity of ~1.3x107!° over 5 seconds of an Nd:YAG laser, however to achieve this requires
strict temperate control and active-vibration isolation of the F-P cavities. An alternative
approach, using a cascaded PDH technique published by Yu et al. [135] achieves over a
significantly longer time period of 4 hours, frequency stability of ~2.8 10-8. For short-
term locking, significant work has been published using the PDH technique to reduce
the linewidth of highly stable lasers, such as work by Andreou et al. [136] demonstrating
linewidth reduction to 5 kHz of a distributed Bragg reflector (DFB) laser diode.

Tilt-locking

In tilt-locking, an optical cavity, such as a Fabry-Perot is used to generate an error sig-
nal. Unlike in the PDH method described above which uses the transmitted or reflected
signal amplitude of an optical cavity, the error signal in tilt-locking is generated from
the change in spatial modes of a cavity probed off-resonance. To achieve this, a split
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photodiode is used at the output of the optical cavity, which measures the spatial-mode
pattern of the light interfering between the carrier (original) field and the optical cavity
emission field, illustrated for a simple ring resonance cavity in Fig. Specifically, the
split photodiode measures the overlap of two transverse spatial modes, the TEMyy mode

and the TEMy; tilt mode, arising from an input beam that is aligned and mode matched
to give only these two modes.
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FIGURE 3.5: Example of a single-pass tilt-locking experimental setup us-
ing a ring cavity as a reference.(Adapted from [137]).
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The resultant spatial overlap of these two modes forms a two-lobed intensity distribution
separated in the spatial plane, which each half of a 2-part split photodetector integrates
over. In the case of ideal resonance of the carrier beam with the cavity, no phase shift
is added to the TEMyp mode by the cavity, so the two field vectors are orthogonal, and
result in an equal intensity signal on both sides of the photodetector. In off-resonance
conditions, the TEMyy undergoes a phase shift in the cavity whilst the TEMy; remains
unchanged, resulting in an unequal spatial distribution of the modes between the two
photodetector halves and hence the error signal comprised of the numerical subtrac-
tion of the two halves is proportional to the phase shift caused by the cavity to the off-
resonance beam. The advantage of tilt-locking is that it is modulation-free, which allows
for setups with no active components and the comparatively few optical components,
as well as the relatively simple electronics required [137H139]. However, tilt-locking
typically requires very high mechanical stability from the resonator to achieve a high
frequency stability. Published works by Slagmolen et al. [140] indicate stability in the
region of 1.3x10~1* over short time scales (100 ms) with similar work by Robins et al.
[138] indicating frequency stability better than ~2.8x10~? for an 825 nm DFB laser.

Self-Injection Locking

In injection locking techniques, typically a low-power, low-noise laser called the seed laser
is used to force a high-power, high-noise laser called the slave laser into emitting at the
frequency of the seed laser with the low-noise of the seed laser. This is of huge benefit
to applications where high-power and low-noise is required from the laser emission. In
practise, low noise is not simply achievable by the high-power laser alone as they are
typically significantly more susceptible to mechanical and thermal noise and as a result,
injection locked lasers are used. To achieve the necessary locking of the slave to the seed
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laser, the emitting frequency of the two must be similar, so feedback systems are usually
employed to prevent the seed laser from drifting too far from the slave laser emission
frequency.

In self-injection locking, the seed laser source does not come from a separate laser, but
rather as the name suggests is injection locked by the main laser instead. As a re-
sult, some optical feedback is required, typically spectrally filtered to an appropriately
narrow-band signal that the main lasing beam can be locked to, using techniques such
as a resonance cavity. An example of this is illustrated in Fig.[3.6|using a ring resonating
cavity. The spectrally filtered return beam is then used to injection lock the main laser,
resulting in a spectrally-narrow main beam.
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FIGURE 3.6: Example of a self-injection locked laser setup using a ring
resonance cavity (Adapted from [141]).

Self-injection locking has been used to great effect for stabilisation of lasers in both short
and long-term. Spirin et al. [142] demonstrated reduced linewidths down to ~ 2.8 kHz
but note this can be improved further by using a laser diode without the -30 dB inter-
nal isolator used in their published work. Using self-injection locking coupled with a
whisper-gallery mode resonator, noted for it’s strong resonance effects, Lai et al. [143]
published results achieving stability approaching ~ 10~!2 over 200 seconds, and in gen-
eral over 2 seconds to 2 hours achieved a stability better than ~ 10711

Dual Mode Polarisation Stabilisation

Dual mode polarisation stabilisation is a commonly used technique for stabilising the
output of lasers capable of producing two or more orthogonal polarised modes. In par-
ticular, this includes the Helium-Neon laser [144, 145], a staple of modern laser based
applications, the advantages of which are discussed in Chp. [7]of this thesis. In this tech-
nique, illustrated in Fig. the emission from the laser is split into the two orthogo-
nal modes, typically using polarisation sensitive components, and the intensity of both
modes are measured. Measuring the gain curve of the laser power, a feedback signal is
applied to equalise the amplitude of the two polarised modes and the feedback signal
is then used to adjust the laser cavity length, typically adjusting the temperature of a



46 Chapter 3. Review of Wavelength Stabilisation Techniques

heater wrapped round the glass tube containing the lasing medium. A polariser at the
output is then used to select between the polarised modes.
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FIGURE 3.7: Example setup of a dual mode polarisation stabilisation tech-
nique.

Dual mode polarisation stabilisation is exceptionally popular in commercial stabilised
lasers, in particular HeNe lasers. It requires very few optical components outside of
the polarisation sensitive beamsplitters due to the relative simplicity, ease of application
and, fundamentally, in a well-balanced system, very high stability [146]. This technique
also allows for high output power in a single longitudinal mode which is advantageous
for most precision metrology applications. The stabilisation of the HeNe laser is of par-
ticular interest in this thesis, as later experimental work discussed in Chp. [Zwill compare
a highly-stabilised commercial HeNe, which uses dual mode polarisation stabilisation,
with a novel stabilisation technique.

Saturated Absorption Spectroscopy

Saturated absorption spectroscopy (SAS) is a sub-technique of the harmonic frequency
stabilisation (HFS) discussed previously in Sec. Also called Doppler-free spec-
troscopy, the effects of Doppler broadening of the atomic absorption lineiwdth, as men-
tioned previously in Sec. arise from the combined effects of the Doppler shift of
each atom’s velocity causes a broadening of the atomic absorption linewidth which lim-
its the accuracy to which these features can be locked to by several orders of magnitude.
To reduce this effect, the atoms can be cooled such that the Doppler broadening is less
prominent, which is impractical outside of lab conditions as it often requires tempera-
tures as low as a few millikelvin. More typically, techniques such as SAS are used. In
SAS, a typical setup of which is shown in Fig.|3.8 an atomic reference is interrogated us-
ing two counter-propagating beams, a ‘pump’ and a "probe” beam. As both beams must
have the same frequency, they are typically generated by splitting the same laser source,
and are directed in opposite directions through the atomic reference gas.
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FIGURE 3.8: Illustration of an example saturated absorption spectroscopy
setup with a pump beam shown in red and a probe beam shown in blue
using two polarising beamsplitters (PBS)

As the frequency of the laser is swept over the absorption feature, the pump laser ex-
cites atoms from the ground state into the excited state at the resonant frequency, which
if measured directly shows the absorption line broadened by the thermal motion of the
atoms. If the probe beam is then incident on an atom in the excited state, it undergoes
stimulated emission, returning to the ground state and releasing a photon of the same
energy as the bandgap between ground and excited states. These two processes, absorp-
tion and stimulated emission are illustrated in Fig. (3.9 for a simplified two-state system.
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FIGURE 3.9: Illustration of a two energy state system interacting with the
a) pump beam b) probe beam

If the transmitted light is therefore measured over a sweep of the laser frequency, a dip
in the absorption curve is seen at each spectral feature. This dip has a linewidth signif-
icantly narrower than the Doppler broadened line and therefore provides a much more
accurate reference feature for stabilisation, illustrated in Fig. Stabilisation to these
features is typically accomplished through lock-in amplifiers, which provide an error
signal to a servo mechanically adjusting the laser cavity length or injection current to
actively lock the laser emission wavelength to the Doppler-free absorption line.
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FIGURE 3.10: Saturated absorption spectrum for the D2 transition lines
of 85Rb and ¥ Rb showing the stimulated emission dips in the Doppler-
broadened peaks. Graph taken from Glaser et al. [147].

SAS improves on the HFS discussed previously reducing a ~MHz Doppler broadened
line down to ~GHz or narrower. This significantly lowered linewidth allows for higher
precision frequency stabilisation. Over 100s integration time, Talvitie et al. achieved
a stability of 5x10712 for saturated absorption locking to molecular iodine at 633 nm.
Similarly, over 10 s integration time, Chen et al. [148] demonstrated a stability of 8x10~°
for SAS locking of a InGaN diode laser to iodine hyperfine components.

Modulation Transfer Spectroscopy

Similar to saturated absorption spectroscopy, modulation transfer spectroscopy (MTS)
uses an atomic gas as a frequency reference, passing two counter-propagating beams
through the gas vapour. Unlike SAS however, the pump beam is phase modulated using
an electro-optic modulator (EOM) or acousto-optic modulator (AOM) before it enters the
gas cell, an example setup of which is illustrated in Fig.
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FIGURE 3.11: Illustration of a modulated transfer spectroscopy setup us-

ing an acousto-optic modulator and injection current tuning of the laser

diode. The pump beam is shown in red, and the probe beam is shown in
blue.

By the process of non-linear four-wave mixing [149]], the probe beam acquires the mod-
ulation of the pump beam as it propagates through the gas cell in the opposite direc-
tion. The pump beam, modulated by the EOM/AOM gains sidebands characterised by
the frequency of the modulator. In four-wave mixing, non-linear interactions between
beams with three frequency components creates a mixed fourth frequency component
which in the case of MTS, means the sidebands of the pump beam are transferred to the
probe beam. The probe beam, measured at a photodetector is then mixed with a phase
shifted version of the EOM or AOM modulation signal, and the resultant error signal
is locked to using a servo to mechanically alter the laser cavity length, or by changing
the injection current of the laser diode. Similar long-term stability of ~ 101! is demon-
strated by Lee et al. [150] using MTS for time-frames greater than 1 x 10° s, however for
short term stabilisation they achieve stability up to 1.3x10~! over time frames of < 1 s.

3.3 Stabilisation in widely-modulated schemes

While all of the above techniques offer respectively high levels of stability in conditions
with no modulation or modulation of the emission laser frequency within the order
of magnitude of the frequency reference linewidth (< GHz), there are techniques that
use wide laser frequency modulation, so the efficacy of these techniques within widely-
modulated regimes should be considered. This section first discusses some of the tech-
niques that utilise wide-modulation and the stabilisation techniques they employ, fol-
lowed by the limitations of the existing techniques discussed thus far, and the research
gap that the experimental work in Chp. [f|has been developed to fulfil.
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3.3.1 Widely-modulated techniques
Frequency-scanning interferometry

Frequency-scanning or swept-frequency interferometry (FSI) was introduced in Chp.
Sec. as a technique for absolute distance measurements of an interferometer. Us-
ing a widely tunable laser diode, the emission frequency is scanned in a single direction
over a wide range of frequencies, creating phase shifts in an interferometer of unknown
length, the measurement interferometer. In original FSI applications, a second interfer-
ometer with well-known optical path length, a reference interferometer [151], was also
interrogated however this required high-stability setups both during the FSI scan, and
over long-term in order to maintain the length-scale traceability. This results in setups
with additional stabilising mechanisms and references, adding significant complication
in both the design and interpretation of results. Later developments have used addi-
tionally stabilised, single wavelength lasers [152], optical frequency combs [153] and
synthetic wavelength systems [154], however these also typically suffer from complex
setups involving both vibration and temperature sensitive components. More recent
published work by Dale et al. [122] has presented the use of gas absorption cells as a
simpler, more stable length scale reference. In these works they demonstrate that using
a second frequency-scanning laser overlapping the first laser in scan frequencies but with
opposing scan direction and speed, both passed through a gas absorption cell, traceable
measurements of the laser frequency at each point in the scan can be made. Comparing
these with the extracted phase measurements, the length of the measurement interferom-
eter can then be determined. Notably, this method does not actually provide a feedback
mechanism so is not applying a stabilisation, however using the absolute frequencies of
the gas absorption lines to calculate the absolute distance of the interferometer provides
traceability and links the distance measurement to international standards.

Range-resolved interferometry

Another technique using wide-modulation, where the modulation depth is on the scale
of GHz i.e. several orders of magnitude greater than standard references, is range-
resolved interferometry (RRI), used in the work contained in this thesis. RRI uses a
widely-wavelength modulated laser diode with a modulation amplitude at least an or-
der of magnitude higher than the linewidth of existing frequency references. In RRI,
a wider modulation depth results in increased spatial resolution of optical path dif-
ferences, discussed in further detail in Chp. |4, and as with most laser interferometric
techniques, the emission frequency/wavelength of the laser diode inherently affects any
measurements made. RRI has previously been applied to fibre-optic strain [155]], shape-
sensing [156], multi-surface vibrometry [157]], multi-dimensional optical encoding [158]]
and gas sensing [159]] and as a result, stabilisation techniques for widely-modulated laser
diodes are both relevant and necessary. However, there is a lack of stabilisation tech-
niques suitable for use in RRI, explained below.

3.3.2 Limitations of Existing Techniques

In terms of existing techniques discussed in this chapter, the limiting factors that make
them less-effective at stabilisation of widely frequency modulated lasers arise from the
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depth of modulation. For precision techniques such as range-resolved interferometry
(RRI) [98] that typically use very large wavelength modulation amplitudes of many 10s
of Gigahertz, the modulation far exceeds atomic or mechanical reference linewidths that
are typically on the order of 1 GHz, and there is a need to develop new techniques for
long-term laser stabilisation.

There are primarily two aspects that affect the ability of existing techniques to stabilise
a widely-modulated laser diode. In RRI, a large sinusoidal modulation is applied, typi-
cally via injection current modulation which results in a sinusoidal wavelength modula-
tion with a large modulation depth. The wavelength modulation depth is of particular
issue for techniques that use the harmonic content of the modulation signal, as the signal
energy for the first harmonic signal, which is typically used by techniques such as har-
monic frequency stabilisation (HFS) or techniques utilising resonance cavities, is diluted
into hundreds of harmonics and therefore determination of the correct locking condi-
tions becomes extremely complex.

In addition to the large wavelength modulation depths it is also necessary to account for
the intensity modulation of the laser, which is phase offset from the frequency modula-
tion, in the stabilisation technique if modulation is performed on the laser diode, which
adds further complication to the processing. For injection current modulation in diode
lasers, another issue that complicates stabilisation stems from the presence of harmon-
ics in the resulting wavelength modulation waveform, even when a perfectly sinusoidal
injection current modulation waveform is used, leading to the introduction of second,
third and further harmonics of the modulation frequency into the frequency modula-
tion with associated amplitudes and phase offsets [98] that need to be considered when
demodulating the combined signal.

3.4 Summary

In this chapter, a review of existing stabilisation techniques is presented. The key prin-
ciples behind wavelength or frequency stabilisation are described, including how a full
stabilisation process operates, as well as the differences between short and long term sta-
bilisation. Following this, the most common types of frequency reference are described,
specifically optical cavities and atomic references, and some of the advantages and limi-
tations of each are presented.

A variety of stabilisation techniques are discussed and illustrated, including harmonic
frequency stabilisation, self-injection locking and dual mode polarisation stabilisation.
Here, the advantages and limitations of each technique are discussed, along with some
of the achieved stabilities published in academic literature. Notably, these techniques are
primarily applied in regimes with low modulation depth, < GHz, or no modulation. In
wider modulated schemes, where the modulation depth is several orders of magnitude
larger than typical references these techniques are typically less effective. Discussion is
first given to some techniques that utilise wider wavelength modulation, and then to the
limitations of existing techniques in these regimes. Here, a lack of techniques for widely
wavelength modulated regimes is identified, and this comprises one of the focuses of
the work in this thesis, which is investigated in Chp. [f] in experimental work on laser
stabilisation for range-resolved interferometry.
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Chapter 4

Range Resolved Interferometry

Range-resolved interferometry (RRI) is an interferometric modulation and signal pro-
cessing technique that uses sinusoidal wavelength modulation of the laser emission to
multiplex and demodulate interferometric signals. In this thesis, RRI is used from both
an applications and development perspective, with Chp. 5|describing work on applying
RRI to multi-dimensional encoders and Chp.[6|describing work on developing stabilisa-
tion techniques for widely-wavelength modulated techniques, such as RRI. In this chap-
ter, the principle of RRI is presented to give context to this later work, giving a broad
overview of how the technique operates and the technical limitations of the technique.
More technical detail of RRI and the basis for the overview below can be found in Dr
Thomas Kissinger’s thesis [76], in addition to published journal papers [98] including
applications of RRI [155H157, 160, 161]. The overview is followed by discussion of the
various implementations of RRI that have been used and newly developed throughout
this thesis, in terms of both the hardware used and the various advantages and limita-
tions of each, for later reference.

4.1 Operating Principles

This section describes the principle and method of RRI, starting with an overview of
how the technique operates on a general level. This is followed by more detailed discus-
sion of the steps involved in RRI, from modulation to demodulation including the basic
equations used.

4.1.1 Overview

Range-resolved interferometry is a pseudo-heterodyne signal processing technique for
demodulating multiplexed interferometric signals such that the constituent interferom-
eters can be individually interrogated. Using sinusoidal wavelength modulation of the
laser emission, typically achieved through injection current modulation, a sinusoidal
phase carrier is generated in unbalanced interferometers within the optical beam. The
achieved phase carrier waveform is proportional in amplitude to the optical path dif-
ference, or more accurately the time-of-flight difference, between the two interfering
paths. By determination of these phase carrier waveforms, the multiplexed interfero-
metric signal can then be demodulated and the individual composite interferometers
can be evaluated. To achieve this, windowed complex carrier waveforms are applied
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to the multiplexed interferometric signal corresponding to a series of expected optical
path differences, where a strong amplitude signal is expected for phase carriers corre-
sponding to the optical path difference of interferometers present in the multiplexed
interferometric signal.

4.1.2 Method

The technique used in RRI can be broken down into five distinct steps:
¢ Modulation
* Detection
¢ Windowing

¢ Complex Carrier

Evaluation

Here, the foremost step describes the modulation equations used in RRI, from the si-
nusoidal frequency modulation through to the resultant phase modulation waveform.
The second step describes the equations defining the interferometric signal seen at the
photodetector, and the latter-most three of these comprise the demodulation and signal
evaluation process which is unique to range-resolved interferometry. These five steps
are discussed in further detail below, and examples of each step for an unbalanced inter-
ferometer shown in Fig. are shown in Fig. 4.2/ on the following page. These graphs
are referenced and described in each of the following sections.

AN O AN
7 7

Unbalanced
Interferometer

Photo
Detector

Laser
Diode

FIGURE 4.1: Example of an unbalanced fibre interferometer in a Mach-
Zehnder configuration.
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FIGURE 4.2: Example signals for each step of the modulation and range-
resolved interferometric demodulation process. With the exception of (a)
and (b), all plots are normalised for illustrative purposes. (a) Example si-
nusoidal frequency modulation of a laser diode, with a central emission
frequency f.; and an amplitude of 5f. (b) Effective phase modulation due
to the frequency modulation in an interferometer with phase carrier am-
plitude A; = 80 rad with time of flight-delay 7y = 0. (c) Photodiode sig-
nal for an interferometer with phase value ®; = /3, modulated by the
phase carrier shown in (b). (d) Example of an applied window function,
with Gaussian width parameter ¢ = 0.03. (e) Complex carrier signal cal-
culated for a demodulation phase carrier amplitude A; = 80 rad, split into
the real (blue) and imaginary (orange) components. (f) Resultant demod-
ulation signal from the product of the window function, complex carrier
and the photodiode signals above, split into real (blue) and imaginary (or-
ange) components. (g) Quadrature signal separated into real (blue) and
imaginary (orange) components representing the phase value (~ 77/3) of
the demodulated interferometer in complex form. (Illustration adapted
from [76])
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Modulation

RRI uses sinusoidal modulation of the laser emission frequency which is typically achieved,
among other methods, via injection current modulation. As discussed in Chp.[2} sec.[2.3.4]
the laser frequency emission due to sinusoidal frequency modulation can mathemati-
cally be described;

F() = o+ of sin[27efut] (@.1)

where f. is the central emitted frequency, éf is the modulation depth and f,, is the mod-
ulation frequency. For the sake of completeness, while in principle the laser driver and
diode have a linear response to injection current changes, in practise there is likely to
be non-linearities in either the injection current modulation or in the resultant frequency
modulation. These non-linearities are fixed in time, so the fractional harmonic coeffi-
cients are stationary, however as a result, where the sinusoidal component of the laser
emission frequency is denoted as df sin [271f,t], instead it should be more accurately
denoted with the higher harmonics included as:

[ee]

f(t) = fe+of < Cy sin [k27‘ffmt—|—0k]> 4.2)

k=1

where Ci are constants equal to or less than 1, denoting the fractional magnitude of
each harmonic, and 6y is the unique phase of each harmonic. For simplicity’s sake, fur-
ther discussion involving the sinusoidal frequency modulation will be considered using
eqn. assuming a perfect modulation sinusoid occurs. In applied work however, this
concept of higher harmonics should be understood and applied in the demodulation
process discussed below.

For an interferometer with non-zero optical path difference (OPD), this applied fre-
quency modulation induces a phase modulation referred to as the phase carrier, with
an amplitude A,. Using the derivations determined in [76, 98] from [162], the resul-
tant phase modulation from the laser frequency modulation presented in eqn. 4.1{can be
stated for each of the n = 1...14, constituent interferometers, with average time-of-flight
T, between the respective interferometer arms, as:

On(t) = Aysin 27 fy(t — 0.5%)] (4.3)

Here, A, is the phase carrier amplitude in units of rads derived in [76] from [162]. For
an optical path difference of 7, of the nth interferometer, this can be mathematically
described as:
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An - ﬁ sin |:7Tfm77n:|
fm Co
(4.4)
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where ¢y is the free space speed of light. Here it can be seen that for small values of 7,
compared to ¢o/ (7T f ), the value of A, is not dependant on the frequency modulation
fm but is proportional to the modulation depth of the frequency modulation 6 f and the
optical path difference of the nth interferometer #,. It is this proportionality that allows
the signal to be demodulated in a range-dependant manner, as detailed in the following
stages. Fig.[4.2(a) shows an example frequency modulation signal for a single period
of sinusoidal frequency modulation with an amplitude of §f and a central frequency
of f.. Fig.[.2|b) then shows the resultant phase modulation signal, resulting from the
sinusoidal frequency modulation, with an example phase carrier amplitude A; of 80 rad.
For illustrative purposes, the resultant phase modulation is shown for zero time-of-flight
delay 4 = 0.

Detection

The light interferes at a photodetector, and following this the signal is digitised. Here,
signal processing delays can occur in both the analogue and digital processing, which
must be compensated for. To achieve this, a signal processing delay value incorporating
all signal delays, both analogue and digital, following the laser modulation is established
Tsp in addition to a compensated time variable t'. This is related to the regular time
variable t by t' = t — 7;,. The photo detector signal, expanding on the transfer function
presented in eqn. for multiple interferometers n = 1...11,,4 with time-of-flight delays
T, between the respective interferometer arms, can then be stated as:

Nimax

upd<t/) = deIoff,n + Z (de[eff’n - COS [@n(t,) + @n(t,)])

n=1
(4.5)

Nmax

= Rpaloftn + Y, (Rpaleftn - cos [@y(t") + Aysin 27 f (' — 0.57,)]])
n=1

where I, is the stationary offset intensity given by I, + I, and L, is the effec-
tive interferometric intensity given by 2|y(7)|v/1 I,. As previously discussed in Chp.
Sec. |7(7)| is the complex degree of coherence and defines the ability of the two
constituent waves to interfere. Here, the desired phase signals for the constituent in-
terferometers n = 1.1,y are given by ®,(t'). An example detector signal Upd(t/ ) for
a single interferometer is shown in Fig. [£.2c) where for illustrative purposes, intensity
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offset I,¢ = 0, and total coherence and complete polarisation overlap between the two
interferometer arms I .4 = 1 is assumed.

Windowing

A key component of the RRI approach to signal demodulation and evaluation is the ap-
plication of a smooth window function to the photodetector signal. In this technique the
window function consists of a pair of Gaussian functions applied to each modulation
period T, = 1/ fu, offset by a demodulation delay 7; and defined by a width parame-
ter o, the Gaussian standard deviation. The two Gaussian functions are centred on the
two highest gradients in the photodetector signal, i.e. where the two highest frequency
components of Uy, (t') occur which are offset from one another by 7t phase. The total
window function W(t', 7, 14), including the periodicity in 2T, is mathematically defined

co r_ _ 2
W(t,o,1) = Z {exp —% <W> ]

(4.6)

row | (0

1/(F—1) — (a+0.5)Tm)2] }

The application of the smooth window function is responsible for suppression of the
low-frequency, baseband components of the interferometric signal, which is essential for
RRI. This is discussed further in the Evaluation subsection of this chapter where the
implications of this are made evident. Fig.[#.2(d) illustrates an example of the window
function for a window width parameter of o = 0.03 with no demodulation delay 7; = 0.

Complex Carrier

In RRI, in contrast to the fixed frequency heterodyne carrier technique discussed in
Chp. |2, Sec. a time-variant complex carrier function is used to demodulate the
interferometric signal. This complex carrier is periodic within the modulation period
Ty, and is calculated with a demodulation phase carrier amplitude A; approximating
the expected phase carrier amplitude A,, and the demodulation delay approximately
half the expected time-of-flight delay i.e. 7; =~ 0.57,. Mathematically, the complex car-
rier function can be denoted as a complex version of the interferometric signal expected
at the detector, and bears resemblance to eqn.

C(t, Aq, 1g) = exp [i.Agsin27fu (' — 15)]] (4.7)

where i is the imaginary number denoting a complex value. Fig.[.2{e) illustrates both the
real and complex components of the complex carrier signal C(', A4, 7;) for an example
demodulation phase carrier amplitude of A; = 80 rad and for illustrative purposes, zero
demodulation delay 7; = 0
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Evaluation

The photodetector signal, Upd(t’ ), window function ,W(t,0,1;), and complex carrier,
C(t', A4, 14), are then multiplied to give the resultant demodulation signal,

Ugem (¥, 0, A4, 7). This is then low-pass filtered (LP) with a cut-off frequency at less than,
or equal to, half the modulation frequency, which results in the complex quadrature
signal given by:

Uo(t',0,Ag, 1) = LP {Ugem(t' 0, Ay, T1) }
(4.8)
=LP {C(t/, Ad,Td)W(t/,O', Td)upd(t/)}

The multiplication of the complex carrier with the window and photodetector terms cre-
ates a series of exponential terms, most notably distinct frequency terms consisting of
the sum and difference between the demodulation phase carrier amplitude A; and the
interferometric phase carrier amplitude A,. The difference term is located in the base-
band of the signal, where as discussed previously the baseband frequency components
of the interferometric signal are suppressed by the window function. A low-pass filter is
used to isolate the difference frequency terms, now present in the suppressed baseband
of the signal, from any remaining frequency components. This allows the desired phase
information @, (t') to be retrieved from the baseband signal using an arctan function on
the complex quadrature signal Uy (t, o, A;). This isolation of the phase information for
"in-range" signals, i.e. signals with phase carrier amplitudes approximating the demod-
ulation phase carrier amplitude A, ~ Aj, achieved via suppression of "out-of-range"
signals, i.e. A, # Ay is critical to the ability of RRI to discriminately demodulate the
interferometric signals of interest by their relative optical path differences. Fig. [4.2{f) il-
lustrates the complete demodulation signal Ugem (', 0, Ay, T4), using the parameters dis-
cussed above of o = 0.03, A; = 80 and zero demodulation delay 7; = 0. Fig.[.2(g) then
illustrates the resultant real and imaginary signal components after low-pass filtering
has been applied LP{Uq(t',0, A4, T4) }.

4.2 Outputs of RRI

In RRI there are two modes using the demodulated quadrature signals that offer unique
outputs. While the key working principle for both modes remains as discussed above,
the outputs from each are beneficial to varying applications [155-157, 160, (161]. These
two modes are discussed below in the context of an interferometric system wherein more
than one interferometer with unique optical path differences (n > 2) are multiplexed into
a single photodetector signal, the design of which is shown in Fig.
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FIGURE 4.3: Example unbalanced interferometer with a reference arm of
length X and 3 arms with varying optical path lengths, labelled in rads.

4.2.1 Mode 1: Signal Range Analysis

In the first mode, a single modulation period of the photodetector signal, corresponding
to a multiplexed interferometric signal, is demodulated for a series of complex carrier
waveforms over a self-defined range of demodulation phase carrier amplitudes. For
each resultant complex quadrature waveform the amplitude and wrapped phase are
extracted as described in Sec. Plotting the resultant quadrature signal amplitudes
against the values of the trialled phase carrier amplitudes used to demodulate the signal,
an example graph of which is shown in Fig. for the interferometer setup shown in
Fig. conclusions can be drawn about viable interferometer contributions within the
multiplexed interferometric signal. For illustrative purposes, only the interferometers
between the reference arm of length X and the 3 measurement arms shown in Fig.|4.3|are
included and the cross-interferences between measurement arms are excluded.

1500 A
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FIGURE 4.4: Comparison of quadrature signal amplitudes over a range
of demodulation phase carrier amplitudes for an example multiplexed in-
terferometric signal. Peaks corresponding to three interferometers with
varying OPD can be seen.

Where a strong quadrature signal amplitude is returned for a particular demodulation
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phase carrier amplitude, the demodulation phase carrier amplitude A, is likely to be
approaching or equal to the interferometric phase carrier amplitude A, of a viable in-
terferometer, n, within the multiplexed interferometric setup i.e. A; — A;,. Referring
to eqn. the demodulation phase carrier amplitude can be mathematically associated
with the time-of-flight difference #,, between the constituent interferometer arms of the
interferometer of interest n. Assuming a constant medium, and therefore a constant ve-
locity of light in the sensitive region of interferometer 7, this time-of-flight is directly pro-
portional to the optical path difference between the two constituent interferometer arms,
directly linking the demodulated phase carrier amplitudes to the optical path difference.
This provides a valuable insight into the viable interferometers contained within the
multiplexed interferometric signal, and allows for determination of the demodulation
phase carrier amplitudes needed to demodulate these interferometers. This is critical for
the discrimination and selection of interferometers to be evaluated, discussed further in
Mode 2.

4.2.2 Mode 2: Phase Evaluation

The second function of RRI is more in-line with typical interferometry. Here the complex
phase carrier amplitude is fixed, and the multiplexed interferometric signal is demod-
ulated to retrieve the wrapped phase and quadrature signal amplitude. The complex
phase carrier amplitude for demodulation A; is selected to match with the phase car-
rier A,, of the the interferometer n of interest, which can be determined in the case of
an unknown system using the output of Mode 1, illustrated in Fig. For illustra-
tive purposes, only the interferometers between the reference arm of length X and the 3
measurement arms shown in Fig. 4.3|are included and the cross-interferences between
measurement arms are excluded. The wrapped phase signal can be unwrapped using
various appropriate digital techniques [163] with a discontinuity of 277, returning the
unwrapped, phase change over time for the demodulated interferometer. This allows
for, as in regular interferometry, phase evaluation and hence relative displacement mea-
surements to be performed.
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FIGURE 4.5: Comparison of quadrature signal amplitudes over a range of
demodulation phase carrier amplitudes for an example multiplexed inter-
ferometric signal. The individual contributions from each interferometer
are denoted by the dashed peaks. The complex phase carrier amplitudes
used for demodulation are indicated for phase carriers; (i) matching the
phase carrier of an interferometer of interest (ii) not matching any phase
carriers of an interferometer of interest (iii) intersecting the range of two
different phase carriers of interferometers of interest.

Here, the selection and isolation of the signals of interest becomes paramount. In the
ideal case, the complex phase carrier amplitude for demodulation A; is selected to ex-
actly match with the phase carrier A, of the the interferometer n of interest, shown in
case (i) in Fig. This results in clean demodulation of the signal and retrieval of the
phase change occurring in the interferometer of interest. However, in the case where
inaccurate selection of the demodulation phase carrier amplitude occurs, such as in case
(ii) of Fig. the demodulation and evaluation will return primarily noise, yielding no
useful information about the interferometer of interest. Alternatively, such as in case (iii)
of Fig. where the selected complex phase carrier amplitude intersects the range of
two interferometric phase carriers, spurious phase signals are demodulated, consisting
of contributions from both interferometers. Cases such as these are related to the ori-
gin of cyclic errors, discussed in Chp. 2] Sec. Finally, case (iv) illustrates the case
where only the rightmost interferometer will contribute significantly to the demodu-
lated signal, as the contributions from the interferometer with a phase carrier amplitude
of 140 rad are approaching zero.

The spatial resolution defines the minimum separation of peaks that could be interro-
gated such that no contributions from other peaks are present in the demodulated signal
from the other. Although the Gaussian function that describes these peaks theoretically
never reaches zero, as the interrogated phase carrier amplitude is moved away from the
central phase carrier amplitude, the value of the Gaussian will drop below the noise floor
and it can be considered out-of-band. As a result, the spatial resolution of the RRI inter-
rogation system can be defined as the distance in rad from the central Gaussian function
in phase carrier amplitude that describes one interferometer, to the value at which the
Gaussian is considered out-of-band, i.e. the value of the Gaussian drops below the noise
floor.
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In this mode, real-time processing of the photodetector signal is performed using a real-
time range channel for each selected, fixed phase carrier amplitude. Depending on the
hardware used, demodulation and phase evaluation can be achieved for multiple chan-
nels simultaneously, allowing phase measurements of several interferometers to occur
in real-time, independently and with contributions from "out-of-range" interferometers
suppressed by appropriate selection of phase carrier amplitudes.

4.3 Implementations

In this thesis, four different implementations of RRI modulation and signal processing
are used to produce the experimental work featured in Chps. 5} [ and [7] This section
presents the technical details of the four implementations, discussing the hardware used,
the key parameters and the advantages and limitations of each. In general, all four im-
plementations use commercial off-the-shelf (COTS) components, with any customised
or purpose-built components specifically highlighted. Implementations 1 and 2 were al-
ready developed prior to this thesis, but have since been used to accomplish some of the
work discussed, so the details of both implementations bear discussion here. Implemen-
tations 3 and 4 were developed for the purposes of the work discussed in this thesis, and
are based on a distinctly different architecture. A summary of these implementations
and some of the key technical values are detailed in Tab.

TABLE 4.1: Summary of the RRI implementations used in this thesis.
Where realistic, the values stated are the maximum achievable values. In
the cases marked (*), these are the maximum tested values.

Impl. Mod. Mod. Quadrature Typ. no. of Central Typ. Max
Number Frequency Depth Bandwidth Real-time Wavelength Range
(kHz) (nm) (kHz) Channels (nm)
1 49 + ~0.2nm 21 0-24 1520.08 ~0.6m
2 244 £ ~0.31 nm 10 0-24 1520.08 ~12m
3 1.133 + ~0.4 nm 0.58 0-8 (*) 1520.08 130 mm
4 1.133 + ~0.1nm 0.58 0-8 (*) 780 194 mm

4.3.1 Pre-developed Systems

This subsection discusses the two implementations developed prior to the start of this
thesis work, outside of the work in this PhD, presenting an overview of the technical
details and key features for later reference. These implementations are used in the work
on multi-dimensional encoders, presented in Chp.

Implementation 1 - 499kHz RRI Interrogation Unit

Implementation 1 was originally developed as part of an initial development of the RRI
project prior to the commencement of this PhD. The interrogation hardware, shown in
fig. 4.6 consists of a single discreet mode (DM) laser diode fibre-coupled to an optical
circulator. The circulator, as well as acting as an isolator for the laser diode, guides
light to the fibre lead to the optical setup. The returning light from this same fibre lead is
guided to a photodetector, in this case an indium gallium arsenide (InGaAs) photodiode,



64 Chapter 4. Range Resolved Interferometry

captured by an analogue-to-digital converter (ADC) as part of field-programmable gate
array (FPGA) based hardware. This hardware also controls the injection current modu-
lation of the laser diode via a digital-analogue converter (DAC) so that the demodulation
of the photodiode signal is synchronised with the modulated output.

(a)

Photo L, Signal
Detector Processing

To Optical @
Setup Laser
Diode

Circulator

(b)

A NN

Control PC  Laser Fibre Emergency
On/Off On/Off Port Off Switch

FIGURE 4.6: (a) shows a simplified schematic of the interrogation hard-

ware used by this technique and setup with key hardware components

labelled. (b) shows a photo of the complete enclosed interrogation hard-
ware.

Figure [4.6]shows a schematic of the hardware used by this interrogation unit and a photo
of the complete enclosed interrogation hardware. Using this technique, only one pho-
todetector and laser diode are required to interrogate a number of interferometers. For
lab experimentation, this iteration of the interrogation unit is fully enclosed, incorporat-
ing all the necessary hardware components including the FPGA-based ADC and DAC,
and an instrumentation PC. This setup uses an Eblana Photonics laser diode (Eblana
EP1512-DM-B) with a central wavelength of ~1520.8 nm (in-air), as measured by an op-
tical spectrum analyser (Yokogawa AQ6370C) and ~5 mW power output. The linewidth
of this particular diode is ~1 MHz. The DAC modulates the laser injection current at a
frequency of 49 kHz, resulting in a wavelength modulation amplitude of ~ 0.2 nm.
The interrogation system is capable of resolving quadrature bandwidths up to 21 kHz
for a total of up to 24 real-time channels corresponding to independent interferometers.
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Implementation 2 - 24 kHz RRI Interrogation Unit

A second iteration of this system was previously developed that uses the same hard-
ware as in implementation 1 with changes to the laser diode control. Here, in order
to maximise the modulation depth possible with this laser diode, the modulation fre-
quency is reduced to 24.4 kHz, reducing the quadrature bandwidth to 10 kHz. In turn,
this increases the modulation depth to £0.31 nm around its centre wavelength of 1520.08
nm (in air), as measured using an optical spectrum analyser (Yokogawa AQ6370C). The
interrogation hardware otherwise remains unchanged using the same laser diode and
photodetector.

4.3.2 Developed Systems

This subsection discusses the two implementations that were developed as part of this
PhD project. Whilst the pre-developed systems discussed above were suitable for the
multi-dimensional encoder experimental work which is presented in Chp. |5, a more
flexible system was required to develop and experiment with wavelength stabilisation
techniques for widely-wavelength modulated laser diodes, which is the other focus of
this thesis. In order to develop these techniques the system had to be versatile and quick
to adapt for different configurations and experiments, which the existing system archi-
tecture did not as easily allow. This new development platform and accompanying code
was assembled using commercially available hardware, and with the exception of stan-
dard operating software, was custom-coded for this project. This platform allowed for
quick re-configurations of I/O capabilities using commercially available cards, as well
as existing support for 3rd party equipment which could be easily incorporated with the
custom-coded software.

Implementation 3 - 1.2 kHz RRI Stabilisation Development Platform

A third implementation was developed during this thesis, a schematic of which is shown
in Fig. This was developed as a flexible platform for research and experimentation
into wavelength stabilisation of widely wavelength modulated laser diodes, such as is
used in RRI, combined with the laser modulation control and signal processing of RRI.
This implementation is used in the work presented in Chp. [f in the development of a
novel technique for widely wavelength modulated laser stability.
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FIGURE 4.7: Schematic of the interrogation hardware used in implemen-
tation 3 showing the connections between the various hardware compo-
nents. The added stabilisation arm is marked by the dashed box.

As Fig. [4.7|shows, the principle of the interrogation hardware remains the same as im-
plementations 1 and 2, however an additional branch of the laser emission is devoted to
the wavelength stabilisation marked by the dashed box. The laser is passed through the
wavelength reference cell, and measured on a separate photodiode which is recorded
synchronously with the interferometric signal by the ADC.

In this implementation the signal processing hardware is based on a National Instru-
ments compact real-time I/0O system (cRIO-9030), shown in Fig. Whilst this is also
an FPGA-based system, the cRIO operates using modular cards for I/O which are syn-
chronised through the chassis backplane. In this implementation, the DAC card is a NI-
9296 analogue-out module which provides the modulation signal for the laser driver to
modulate the laser diode injection current. The ADC is a NI-9775 digitiser card, which
allows up to 4 channels to be sampled at once with sample rates of up to 1 MS/s per
channel in real-time continuous acquisition, with 14-bit bandwidth over £10 V. The laser
diode used is an Eblana Photonics DM laser diode (Eblana EP1512-DM-B), with a central
wavelength of ~1521 nm, linewidth ~2 MHz, output ~10 mW and a maximum modu-
lation depth of +0.4 nm. This is modulated using a Stanford Systems laser driver and
temperature controller (Stanford LDC 500). Additionally, an NI-9080 serial card is used,
that offers serial communication, and this is used to communicate with the laser TEC for
temperature tuning, used extensively in the wavelength stabilisation work featured in

Chp. [¢]



4.3. Implementations 67

Power. Compact
Supplies Instrumentation PC RIO

/]| sn

Serial
Card ADC DAC

FIGURE 4.8: Annotated photo of some of the hardware used in implemen-
tations 3 and 4.

While the maximum sample rate for each ADC channel is nominally 1MS/s, due to
synchronisation demands between the ADC and DAC, the true sample rate is limited
to a maximum of ~597 kHz. At this sample rate, whilst maintaining good resolution
of the full photodetector signal with 512 samples per modulation period, a modulation
frequency of 597 kHz/512 ~ 1.166 kHz is used, resulting in a quadrature bandwidth
maximum of ~580 Hz can be achieved. Using this implementation, the quadrature
bandwidth is significantly lowered, which reduces the maximum range of phase car-
rier amplitudes which can be evaluated by this system in comparison to the hardware
used in implementations 1 and 2. The advantage of this implementation over implemen-
tations 1 and 2 is in the flexibility this system offers, allowing for acquisition of up to 4
channels easily through the ADC card without additional hardware changes. The DAC
and serial cards also allow for multiple outputs at once, so control of multiple devices
can be easily achieved. Furthermore, using the National Instruments framework allows
for quick programming of both the FPGA and signal processing code using LabVIEW,
which in turn allows for simple, on-the-go changes to the software to accommodate dif-
ferent signal processing requirements arising from different configurations.

Implementation 4 - 1.2kHz RRI Comparison Platform

Also developed using the same LabVIEW architecture presented in implementation 3,
the fourth implementation was developed for comparison of two laser interferometers
simultaneously, in addition to the developed wavelength stabilisation technique and is
shown in Fig. This implementation is used exclusively in the experimental work
presented in Chp. [/, where further details of the optical setup and the specifics of the
wavelength reference can be found. To this end, an additional photodetector is added to
the hardware and is recorded by a third ADC channel. Where previous implementations
have used an optical circulator to guide light returning from the optical setup, in this
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implementation the light is guided directly to the photodiode after traversing the optical
setup. A second laser diode is also used, however since this is not controlled by this
interrogation hardware it has been omitted from the schematic.
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FIGURE 4.9: Schematic of the interrogation hardware used in implemen-

tation 4 showing the connections between the various hardware compo-

nents. Not shown is the second laser diode, whose sole connection is to a
photodiode.

Fig. 4.9/ shows how the changes to the interrogation hardware in this implementation
allow for the recording of three ADC channels simultaneously, in addition to synchro-
nised modulation output from the DAC. The software for this implementation was also
re-developed, forgoing the real-time signal processing component of implementation 3.
Here, the signal processing is performed in post-processing using python on the instru-
mentation PC. This implementation also replaces the laser diode with an Eagleyard dis-
tributed feedback (DFB) laser diode (EYP-DFB-0780-00010-1500-BFY12-0005) with a cen-
tral wavelength of 780 nm, a linewidth of ~0.6 MHz and modulation depth of & ~0.1 nm.

44 Summary

In this chapter, the principle behind range-resolved interferometry (RRI) is presented.
RRI is a modulation and signal demodulation technique that uses sinusoidal modula-
tion of the laser emission wavelength. Using RRI, several interferometers can be mul-
tiplexed into a single interferogram and independently interrogated by calculation of
optical path dependant phase carriers. By demodulation of the multiplexed signal using
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these unique phase carriers, individual interferometers can be independently and si-
multaneously evaluated for phase changes. An overview of the equations that describe
RRI and the modulation and evaluation process are presented, and the outputs available
from the RRI signal processing are shown, described as a signal range analysis and a
phase evaluation mode of RRL

In addition, the implementations of RRI used in the work in this thesis are presented
in this chapter. These are the two pre-existing implementations of RRI signal process-
ing hardware, developed prior to the commencement of this PhD project, as well as
the two new systems which were developed as part of the work presented in this the-
sis. The pre-developed systems are used to investigate novel applications of RRI, in the
work presented in Chp. 5, The two newly developed systems incorporate additional
flexibility for research and experimentation into wavelength stabilisation for the widely-
wavelength modulated lasers used in RRI, with modulation depths several orders of
magnitude larger than typical references. Specifically, these developments have the ca-
pacity for additional analogue inputs from photodetectors, as well as outputs via serial
communication or analogue signals. Experimental work on wavelength stabilisation of
widely-modulated lasers is presented in Chp.[6|and Chp. [/ using the newer implemen-
tations presented in this chapter.
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Chapter 5

Multi-dimensional Interferometric
Encoders

This chapter details the process of developing multi-dimensional applications for pre-
cision metrology using range-resolved interferometry, a laser modulation and signal
processing technique that allows for spatial multiplexing of interferometers that can be
individually and synchronously interrogated and evaluated. In this chapter, the motiva-
tion behind this work, the principles employed and the development of several proof-
of-concept designs are presented alongside experimental results for multi-dimensional
position and angle encoders.

5.1 Introduction

5.1.1 Motivation

As discussed in Chp. [} significant work has been undertaken in developing techniques
for single dimensional displacement measurements. Non-optical techniques such as
capacitive or Piezoresistive sensors, whilst offering good resolutions, typically require
close proximity to the target surface, adding design complexity in applications where
target space is limited. Some optical techniques such as laser interferometry do not suffer
from this limitation, allowing for remote, non-contact measurements of target displace-
ment. When extended to multiple dimensions however, existing techniques in both opti-
cal and non-optical regimes typically require multiple sensing heads, a requirement that
adds cost and complexity to most applications. Alternative techniques that are capable
of multi-dimensional measurements such as grating-based laser interferometers require
complex optical setups, typically involving customised, or polarisation-sensitive, optical
components that add significant design complexity and cost to an application.

As such, there is a need for multi-dimensional techniques that benefit from the remote,
non-contact capabilities and high resolution of laser interferometry whilst minimising
optical components, in particular, polarisation-sensitive or customised components. Range-
resolved interferometry (RRI), discussed in detail in Chp. 4 offers similar benefits to dis-
placement measurements as traditional laser interferometry, as well as allowing multi-
plexed interferometric signals from a single beam to be demodulated simultaneously.
This allows for compact optical setups with cost-effective hardware, which is of huge
benefit to many applications.
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5.1.2 Presented Developments

Towards this end, several developments of optical encoders have been explored that
utilise range-resolved interferometry with the objective of multi-dimensional metrologi-
cal measurements. These developments are, at this stage, proof-of-concept only and are
not yet fully optimised. Where data was readily available, some verification of these
designs was performed and the results of these are presented, however a fully detailed
comparison with reference measurements is still required.

2D displacement encoder: The presented developments commence with a two-dimensional
displacement sensor. Using a beamsplitter mounted on a 3-axis motion stage and
two planar mirrors, interferometers corresponding to two orthogonal Cartesian di-
mensions are simultaneously interrogated using a single optical axis port, allowing
for independent measurement of two stage motion directions. This encoder design
was then tested for both one and two dimensional stage motions.

3D displacement encoder: This development was then extended into a design for
three-dimensional measurements, developing the encoder further with an addi-
tional beamsplitter and an additional planar mirror. Using range-resolved inter-
ferometry, multiple interferometers are evaluated from a single, multiplexed inter-
ferogram to allow independent and simultaneous measurement of three measure-
ment dimensions. This design is then tested through experimental measurements
of stage motions. These range from simple, single dimensional stage motions to
more complex, three-dimensional stage motions. To further analyse this design,
noise and linearity analysis of the encoder is performed and discussed.

2-beam angle encoder: Moving beyond linear displacement measurements in multi-
ple dimensions, a design for an angle encoder, employing the same techniques
and simple optical setup, was developed. Using multiple spatially offset beams
in a single Cartesian direction, angle measurements in addition to displacement
measurements can be performed. The interferometers in this design can be multi-
plexed, and then demodulated using range-resolved interferometry which allows
for a similarly compact optical design to the developed multi-dimensional dis-
placement encoders. Experimental measurements were performed using this 2-
beam angle encoder, the results of which are presented and discussed.

5.1.3 In this Chapter

This chapter details firstly, the design and development of an optical encoder for 2 di-
mensions in Sec. Here the key design elements, including the optical design, specifi-
cation of interferometers of interest and the interrogation hardware used, are discussed.
Following this, experimental measurements performed using the encoder design are
presented with discussion of the results and conclusions that can be drawn from them.

Sec.[5.3|details the process of extending the stage encoder design for 3 dimensions, start-
ing with discussion of issues that arose in the 2-dimensional encoder development. Af-
terwards the optical design, including key features such as the interferometers of in-
terest, is presented. To build on this, discussion is given to the key design considera-
tions in further detail, including changes to the interrogation hardware. Following this,
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experimental results of measurements made using this encoder design are presented,
commencing with single dimensional stage motions before moving to more complex,
three-dimensional stage motions. Following these, results from noise and linearity mea-
surements are presented and discussed.

Sec. |5.6| furthers the applications of multi-dimensional encoding using RRI, presenting
the development of a 2-beam angle and displacement encoder. As previously, the prin-
ciple and design are first introduced, followed by experimental results of measurements
taken using this design.

This chapter is then finished with Sec. [5.7| where the results and conclusions from all
three sections of the multi-dimensional optical encoder work are summarised, in addi-
tion to discussion of future work that could be undertaken in this area.

5.2 Development of 2-dimensional encoder

5.2.1 Managing Optical Path Differences

As in all interferometric applications, the reduction of cyclic errors is paramount. As dis-
cussed in Chp. [2] Se. typically these occur when multiple multiplexed interferom-
eters are inadvertently evaluated together. These can be interferometers with the same
optical path difference, spatially overlapping interferometers, or for example in hetero-
dyne interferometry when polarisation-mixing occurs between beam paths. In all cases
the existence of interferometers, additional to the interferometer of interest, present in
the evaluated signal introduces cyclic errors into the phase measurements of the interfer-
ometer of interest which add uncertainty into the resultant displacement measurements.
In the case of spatially overlapping OPDs, in order to eliminate these cyclic errors, it is
necessary to separate from the OPDs of the interferometers of interest not only the other
OPDs of the interferometers of interest, but also the OPDs of any other interferometer
within the system. To achieve this, firstly understanding which OPDs are present in the
interferometric signal and which specifically are overlapping is critical.

RRI allows these overlapping OPDs to be identified in the demodulation process, where
by "sweeping" through a range of windowed complex carriers, intrinsically linked to
notional OPDs, and comparing the resultant amplitude with the tested OPD, peaks cor-
responding to every interferometer are visible. An example of how this principle applies
to even a simple glass block setup is shown in Fig. In all interferometric applications,
interferometers are created between every pair of reflecting or semi-reflecting surfaces,
not just the principle interferometer of interest. If the resultant OPD of these interferom-
eters is not properly considered, it is extremely easy to overlap OPDs with the OPD of
the interferometer of interest and hence introduce cyclic errors.

Fig.[5.1|demonstrates how even a simple glass block setup requires careful consideration
of the OPDs of every interferometer present in the system in order prevent the intro-
duction of cyclic errors. In Fig. 5.1(a), a glass block is interrogated such that the OPD
between the front face of the glass block and the fibre tip, with equivalent optical path
distance L(O,A), is extremely close to the equivalent OPD between the front face and
rear face of the glass block L(A,B), when the relative refractive index of the glass is taken
into account. As a result, as shown in Fig. [5.1(b), in a graph of signal strength against
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FIGURE 5.1: (a) shows a basic example system with a fibre collimator and
glass block. The points of reflection are indicated and the reflecting sur-
faces labelled. (b) shows an example of a graph of signal strength against
optical path difference with some of the potential interferometers created
by this system labelled. (c) shows the same situation as (a), but with a
greater distance between the collimator and the glass block, resulting in
the example signal strength against optical path difference graph in (d).

OPD, there is overlap in the peaks corresponding to these interferometers. As a result,
demodulation and phase evaluation of either of these peaks would result in cyclic errors
being introduced into the measurement. In Fig.[5.1(c), the same situation as Fig.[5.1{a) is
shown, except the glass block is placed further away from the fibre collimator so that the
OPDs of the interferometers no longer overlap, as shown in Fig.[5.1(d).

In traditional interferometric techniques, discussed in Chp. [2} Sec. 2.3} both cases [5.1|b)
and [5.1[d) would cause difficulty in phase evaluation leading to unwanted cyclic error
components, as these techniques are unable to resolve multiplexed interferometers. In-
stead, a range sensitive approach, such as range-resolved interferometry, discussed in
Chp. 4 is needed, where the interferometers can be interrogated independently of one
another. In this case, only [5.1(b) would cause issues as the peaks overlap in optical path
difference which would cause cyclic error components if either peak was the interfer-
ometer of interest. In case [5.1(d) however, using RRI any of the three peaks could be
evaluated without introducing cyclic error components.

Further to the initial beams within the system, it may also be necessary to take into
account secondary reflections within the beam path. In the example shown in Fig.
this may occur as multiple reflections within the glass block itself. Multiple reflections
of this kind are usually easily predicted as multiples of the original OPD, however in
more complex optical systems there may also be reflections from other optics as well
that add various path lengths to the OPDs. All of these have to be taken into account and
managed if the intention is to reduce the cyclic errors in the interferometers of interest.
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5.2.2 Optical Design

Building on the principle of range-resolved interferometry, a novel stage encoder was
designed that uses beam-splitting components to create a series of interferometers cor-
responding to unique measurement directions. By spatially separating these interfer-
ometers with unique optical path differences, they could be simultaneously and inde-
pendently evaluated using RRI. By calculation of the complex carriers corresponding to
each interferometer and hence each measurement dimension, phase change measure-
ments can be made of changes in displacement of each dimension of interest. This was
initially developed as a 2-dimensional displacement encoder.

The 2-dimensional encoder design consists of a single beamsplitter cube on top of a
Physik Insturmente P-611.3 Nanocube stage [164], a 3 dimensional Piezo stage with a
travel range in each Cartesian direction of £50um. The stage utilises internal strain
gauge sensors to feedback position to the stage controller, allowing for controlled, high
precision movements. This assembly was mounted inside a Thorlabs cage cube system
and on one side of the cage cube a 3-axis kinematic mount with collimator is affixed, the
only optical access port required by this setup. On the opposing side of the cube and on
one orthogonal side are mounted planar aluminium mirrors, such that the light trans-
mitted through the beamsplitter and the light reflected by the beamsplitter is normally
incident on one of the two mirrors.

To measure the displacement of the stage in the two Cartesian dimensions of interest,
interferometers between each mirror and the nearest beamsplitter face are evaluated.
Unlike in Fig. the fibre-tip is not used as a reference, so the interferometers created
between the pairs of surfaces are interrogated. To ensure that these interferometers have
an amplitude of appropriate strength such that they can be evaluated, the beamsplit-
ter has the two surfaces nearest the mirrors polished to remove the anti-reflective coat-
ing, that typically comes as standard on these optical components, whilst maintaining
the anti-reflective coating on the other beamsplitter faces. This results in Fresnel reflec-
tions [165] at the air-glass boundaries of the polished surfaces that reflect beams suitably
strong enough to interfere with the reflected beam from each mirror. These interferom-
eters correspond to the two dimensions of interest and the geometric distances of these
are denoted « and B. In addition, an angled polished connector (APC) into a fibre colli-
mator is used, removing interferometers created between reflection at the fibre-tip and
other reflection points within the optical system. A schematic of the 2D design is shown
in Fig. including the principle beam paths involved and the geometric distances of
the interferometers of interest, « and .
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FIGURE 5.2: (a) shows a "top-down" schematic view of the encoder, with

the geometric distances of the principle interferometers of interest high-

lighted and labelled as « and p respectively. (b) shows a 3D view of the
encoder schematic.

Figure. 5.2| shows a schematic of the design of the 2D encoder, first as top-down view
in Fig.[5.2(a) then as a 3D view in Fig. [5.2(b). In both diagrams, the interferometers
of interest, « and f are labelled along with the basic optomechanical components. The
flexibility in this optical design is in the position of the planar mirrors with respect to the
beamsplitter cube. This allows minor tuning of the OPDs such that unique OPDs can be
created for the interferometers of interest. In this case, the interferometers of interest are
selected to be those between each mirror and the closest beamsplitter face, the geometric
distances labelled in Fig. as « and § for the X and Y dimensions respectively. By
displacement measurement of these interferometers, direct measurement of each of the
two dimensions can be performed simultaneously. To improve the alignment of the
collimator beam with respect to the cage cube and mirrors, the collimator is placed in
a 3-axis kinematic mount which allows for fine-tuning of the collimator output angle.
For fine-tuning of the beamsplitter and stage alignment to the optical axis of the beam,
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the stage is mounted on a 2-axis goniometer and rotation stage. Photos of the encoder
design including alignment components are shown in Fig.

FIGURE 5.3: Photo of the 2D encoder design. (a) shows a photo from the

side view of the encoder with a top down view of the encoder shown in

(b). The major components and the geometric distances of the measured
interferometers, « and 3 are labelled.

In order to separate the interferometers corresponding to each measurement dimension
of interest from other interferometers within the multiplexed interferometric signal, it is
essential that these have optical path differences that are unique to any other within the
sensing region, as discussed in sec. As a result, careful optical design is required
to ensure that the interferometers of interest meet this condition, whilst ensuring that
the OPDs of the interferometers of interest are also within the measurement range of the
interrogation hardware (see Chp /4 sec. for further discussion).

The cube beamsplitter, made from BK7 glass, within this setup introduces a condition on
the magnitude of OPDs. As the beamsplitter in-air equivalent length is approximately
1.501 times [166] that of air at room temperature and the beamsplitter has a physical
dimension of 10 mm width, there will be an interferometer created between the front
and back surfaces of the beamsplitter at 15 mm. As discussed in sec. multiple
reflections between surfaces are possible, and hence the beamsplitter creates a "grid"
of interferometers with OPDs as multiples of 15 mm. As a result, in order to avoid
introducing cyclic errors, the interferometers of interest have to have OPDs that do not
lie on these multiples of 15 mm.

Using an FC-APC fibre connector into the fibre collimator, the back reflection from the
fibre-tip is suppressed, with only beams between reflective and semi-reflective surfaces
within the system expected to interfere. The anti-reflective coating on the beamsplitter
faces should also significantly reduce reflections from these surfaces with absolute trans-
mission greater than 95% (T, > 95%), reducing the interferometers within the system
to beams reflecting from the two mirrors, and the two polished beamsplitter surfaces on
the surfaces nearest the mirrors.

The only other interferometer expected within the multiplexed interferogram is created
by the beam reflecting from one mirror, interfering with the beam reflecting from the
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other mirror. Since this will always have an optical path difference equal to the difference
between the two optical path differences of interest, provided the longer optical path
difference between mirror and polished beamsplitter face (labelled in Fig.[5.2|as ) is not
equal to twice that of the shorter optical path difference between mirror and polished
beamsplitter face (labelled in Fig.|5.2|as &), this will not cause an overlap in optical path
differences with that of the interferometers of interest.

5.2.3 Interrogation Hardware

For the 2D encoder development, the 49kHz RRI interrogation hardware discussed in
Chp. 4} Sec.[d.3lwas used. The interrogation system used uses an Eblana Photonics dis-
tributed feedback (DFB) laser diode, modulated via injection current modulation, syn-
chronised with the analogue-to-digital converter (ADC) signal from an Indium-Gallium-
Arsenide (InGaAs) photodiode. With a modulation frequency of 48kHz, the maximum
quadrature bandwidth is approximately 21kHz. For more details on this interrogation
hardware, refer to Sec. specifically implementation 1: the 49kHz RRI interrogation
unit.

5.2.4 Measurements and Results
Single Axis Step Measurements

To demonstrate the measurement capabilities of this concept, two-dimensional displace-
ment measurements over a variety of stage movements were conducted and recorded
with an interferometric quadrature bandwidth of 21kHz. Initially, the stage is moved
in a series of steps in each motion axis sequentially. Starting from the central position
of each motion axis, the stage is moved to the maximum range of +50 ym in the X axis,
then to -50 ym before returning to the central position. This same motion pattern is then
performed in the Y axis shortly after. This was repeated for a series of step amplitudes;
£50 ym, £5 pym and £0.5 pm. The results of recording phase changes and calculating
displacements for both the X and Y dimensions simultaneously during these motions
are shown in Fig.
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FIGURE 5.4: Simultaneous measurements of X and Y displacements for
motion in the X-direction of the stage followed by a similar motion in
the Y-direction. (a) shows a linear movement across the total range of
the stage, 50um, at a speed of 10um/s, while (b) shows the results of a
similar motion to (a) but for a smaller stage movement across +5ym at
velocities of 1um/s. (c) then shows a similar plot for £0.5um movements
at velocities of 0.1ym/s.

60

Figure[5.4(a) shows a plot of the measured displacements from the interferometers corre-
sponding to the X and Y dimensions over the sequential step motions with an amplitude
of £50 ym. For the same series of motions but with a motion amplitude of +5 ym, the
measured displacements for the X and Y dimensions are shown in Fig. [5.4(b). This is
then repeated for a stage motion amplitude of £0.5 ym and the measurements for the X
and Y dimensions are shown in Fig.[5.4(c). The measurements show agreement with the
expected stage motion at all three stage motion amplitudes. To further investigate any
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cross-motion in the stationary axes during the stage motion, the zero displacement axes
of the data sets shown in Fig[5.4] can be examined closer. Using a smaller displacement
axis this data is plotted in Fig[5.5
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FIGURE 5.5: Displacement measurements for X and Y stage motions dur-

ing sequential step motions of the stage with a restricted displacement

axis. (a) shows the data for steps of £50um, at a velocity of 10um/s,

with (b) showing displacement data for steps of £5um/s at velocities of

1um/s. (c) then shows displacement data for steps of +0.5um at velocities
of 0.1ym/s

Figure[5.5/shows three plots corresponding to the three data sets shown in Fig[5.4 with a
reduced displacement axis range. Figure [5.5(a) shows a closer view of the data for stage
motions over the total stage motion range of +50 ym, with Fig.5.5(b) showing the data
set for stage motions of £5 ym and Fig. [5.5(c) showing the data plot for £0.5 um stage
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motion amplitudes. In all three plots there is some off-axis motion visible in the station-
ary axis when the opposing axis is in motion. This parasitic motion can be attributed to
a number of factors such as: 1) Non-flatness of the mirrors, 2) Genuine cross motion in
the stage or 3) Misalignment of the optical axes to the stage motion axes. While the first
two of these cannot be ruled out, the latter factor is more likely the cause of the parasitic
motion observed in Fig. This is because in the proof-of-concept design, the beam-
splitter is coarsely aligned to the stage and hence the stage motion. With no adjustments
on the 3D printed template possible, using the goniometer and rotation stage discussed
in Sec. the stage is then aligned to the optical axis of the beam to optimise returns
from both mirrors. If the beamsplitters are misaligned relative to the stage principle
axes, this alignment procedure would then cause the stage motion axes to be misaligned
with the optical axes of the measurement beams and could explain the observed off-axis
displacements.

Single Axis Sweep Measurements

To quantify the effect any non-perfect stage motion has on the displacement measure-
ment results, the X and Y displacement data for the step motions shown in Fig[5.4(a) can
be directly compared and plotted. For the X motion, the data from 0-30 s is taken where
only the X axis should be in motion, and data for the Y motion is taken from 30s to 60s
when only the Y axis of the stage should be in motion. The direct comparison of the
measured X and Y displacements are shown in Fig.
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FIGURE 5.6: (a) shows the X against Y displacement measurements during

programmed motions in the X-direction, where the Y axis should remain

static. (b) shows the X against Y displacement measurements during pro-
grammed motions in the X direction

Figure |5.4 shows two plots of the displacement measured in both X and Y axes during
stage motion. The first, shown in blue, is motion in the X axis, where the Y axis is
expected to remain stationary. In orange is the Y motion, where the X axis is expected to
remain stationary. For the case of perfect alignment and stage motion, the expectation
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is linear data along the 0 ym line of the relevant static axis. Instead, from Fig. there
is an evident parasitic motion in both single-axis sweeps. The linear deviation shown
likely arises from misalignment of the optical axes with respect to the stage motion axes,
however, if this parasitic motion in the off-motion axis is solely due to misalignment of
the optical axes with respect to the stage motion axes, the off-axis parasitic motion would
appear as linear with a gradient corresponding to the angle error of the optical axes with
respect to the stage motion axes. However, both measurements show curvature and
bi-directional deviation between the expected linear relationship that any optical axis
- stage motion axis misalignment would create. The curvature shown by both stage
motions is typical of non-perfect stage motion, where the acceleration and motion of the
stage is non-linear. Hysteresis is a common effect in Piezo actuated stages caused by
non-linearity between the electric field strength and the displacement. This can result in
cross-talk between stage axes, angular deviations through stage motion and non-linear
stage motion and as a result, it would be reasonable that in addition to the misalignment
between the optical axes and stage motion axes discussed in sec. that there is some
contribution to the off-axis motion from both non-perfect stage motion and Piezo stage
effects.

Circular Motion

To investigate the capabilities of this proof-of-concept in measuring motion in multiple
dimensions simultaneously, circular motions of the stage in the X-Y plane were per-
formed. This was achieved through sinusoidal and co-sinusoidal motion components in
the X and Y motion axes respectively. The phase changes in the interferometers corre-
sponding to the X and Y dimensions were measured and the resultant displacements for
each of these dimensions were calculated, with the results shown in Fig.
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FIGURE 5.7: Displacement data for 2D circular stage motion. (a) shows

the measured displacement components in the X and Y measurement di-

mension against both time and the angle moved around the complete cir-

cle (b) shows the same data projected onto an X-Y plane in a Cartesian

coordinate system. (c) shows the measured displacements in a polar coor-

dinate system with a restricted radial axis, where the plotted radii are the
magnitudes of the X and Y components.

Figure 5.7(a) shows the components of displacement in the X and Y dimensions for a
single period of the circular motion, with the X displacement plotted in blue with the Y
displacement plotted in orange. These components are then plotted against one another
in the plot shown in Fig.[5.7(b). This same data is shown in polar form in Fig.5.7(c) with a
reduced range in the radial axis. From these results it is evident that although the motion
appears superficially to be an excellent circle, under closer examination of the radial
amplitude over the period of the motion, there is a clear deviation from the expected
circle at 50 ym. Throughout the stage motion, the radial amplitude is greater than the
expected 50 ym, with a maximum amplitude of 51.36 ym and a minimum of 50.67 ym.
This is also determinable in the individual components, shown in Fig.[5.7(a) where the X
component has a maximum displacement of 50.74 ym and a minimum displacement of -
50.8 ym, and the Y component has a maximum displacement of 51.1 ym and a minimum
displacement of -50.85 ym.

The measured extension beyond the expected 50 ym could be due to a misalignment be-
tween the optical axes and the stage motion axis, where the misalignhment would appear
imbalanced between the two axes, over-extending in one axis and under-performing in
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the other axis as it performed the circular motion. Here the measured circle radial am-
plitude greater than 50um could be due to cosine error, as discussed Chp. [2] Sec. 2.3.5,
which causes a measurement scaling error. This would also explain the different scaling
errors in each axis which would cause an elliptical measured stage motion. In addi-
tion to these errors, the ‘footprint’ shape motion seen in Fig. [5.7(c) could be caused by
non-perfect motion of the stage, particularly during accelerating and decelerating at the
turning points of each stage axis’s motion. This is further evidenced by the “dents’ in the
stage motion, occurring at approximately 45° and 225°, which coincides with when both
stage motion axes are at their maximum velocities. In reality, it is likely that these "dents’
are the cases with accurate stage motion, in comparison to elsewhere, where one or both
axes are at turning points. At these points, the stage motion requires significantly more
control and is therefore prone to further error.

5.3 Extension to 3 Dimensions

5.3.1 Beamsplitter Constraints in 3D

In the 2D optical encoder design, the interferometers of interest are those between each
mirror, and the nearest beamsplitter face. Since these can be directly evaluated, other
interferometers created between beams reflecting from any of the other surfaces within
system are not needed and can be removed where possible for the sake of simplicity and
to reduce the possibility of introducing cyclic errors. The initial design of the optical en-
coder used an angle-polished connector (FC-APC) with an appropriate collimator as the
optical access port for the laser emission, and guiding the returning light to the interro-
gation hardware. This reduced the number of interferometers within the optical system
to only those within the sensing region, and removed interferometers created between
any of the semi-reflective or reflective surfaces and the fibre-tip. However, due to the na-
ture of the cubic beamsplitters, direct measurement of the interferometer between each
planar mirror and the nearest surface of the beamsplitter cube intrinsically introduced
non-linearities (Chp. 2] Sec. for more discussion) in the form of overlapping optical
path differences, presented in Fig. as each interferometer of interest overlapped with
the interference between a planar mirror and the alternative rear beamsplitter surface.

Figure |5.8/shows how the splitting condition of the beamsplitter creates interferometers
of the same optical path difference. While the beams comprising the interferometer of
interest, the beam reflecting from the mirror (i) and the beam reflecting from one rear
surface of the beamsplitter (ii), independently have unique OPDs, the interferometer
created between beams reflecting from (i) and (ii) will intrinsically have the same OPD
as the interferometer created between beams reflecting from (i) and (iii). This introduces
non-linearities into the measurements of the interferometer of interest, which makes us-
ing these interferometers as the measurement dimensions inadvisable. In place of these,
it is necessary to interrogate the interferometer between each mirror (i) and the front sur-
face of the beamsplitter (iv). However, aligning the optical system so that both a strong
signal from the front surface as well as the mirrors is received can be difficult and can
result in misalignment between the stage motion axes and the measurement axes, as
demonstrated by the results shown in Fig.
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FIGURE 5.8: (a) shows the first beam of a particular interferometer, pass-
ing through the beamsplitter and reflecting from a planar mirror (i), and
back towards the source. (b) shows a second beam, reflecting from the rear
face of the beamsplitter (ii) at the air-glass boundary and back towards the
source. At the splitting medium this also reflects towards the other rear
surface of the beamsplitter (iii) and reflects from this surface and back to-
wards the source, denoted by the dotted beam. Also labelled is the front
surface of the beamsplitter (iv)

As an alternative, a Fresnel reflection can be created at the fibre tip by using a flat-
polished connector (FC-PC) with an appropriate collimator as the optical access port to
the sensing region. This then creates a local interferometric reference, with which each
of the beams reflected by surfaces within the system can interfere, and is both strong
and stable. Whilst this creates significantly more interferometers, namely those between
each semi-reflective surface and the polished fibre-tip reflection, it allows for more con-
trol and discrimination over the position of the mirrors and hence the length of the OPDs
of the interferometers of interest. It also eliminates the need, in general, to interrogate
each beamsplitter face individually, and instead the subtraction of the common optical
path can be achieved digitally after measurement. This alternative configuration avoids
the issue of intrinsic OPD overlap outlined above and in Fig. and simplifies the ex-
tension of the optical encoder design into measurement of further dimensions. Here,
multiple dimensions can be measured simultaneously using a single on-stage reflection
as a measurement reference, together with an interferometer between a mirror corre-
sponding to each dimension and the fibre-tip, the interferometric reference, with other
on-stage components appropriately coated to maximise transmission.

5.3.2 [Extended 3D Design Criteria

To increase the number of measurement dimensions, an additional beamsplitter is added
to the optical setup. In addition to the original beamsplitter, splitting the beam into the
X and Y dimensions, the additional beamsplitter is placed between the original beam-
splitter and the fibre tip, on the Piezo stage, and splits the beam between the X and Z
dimensions. A schematic of this layout is shown in Fig.[5.9]alongside a 3D representation
of the design. As discussed in sec. using a local interferometric reference, created
by a Fresnel reflection at the fibre-tip of a flat-polished connector (FC-PC) allows more
fidelity in the selection and "positioning” of OPDs, where the interferometers of interest
are now those between each mirror and the fibre-tip, in addition to an on-stage reflection
interfering with the fibre-tip. These interferometers of interest are marked in Fig.
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FIGURE 5.9: Design of a 3-dimensional encoder. (a) shows the top-down
view with the relevant geometrical distances highlighted. (b) shows the
side-view with the relevant geometrical distances highlighted. In both
figures, distances «, f and <y correspond to the interferometers created be-
tween the X, Y and Z mirrors, labelled as My, M, and M., respectively,
interfering with the Fresnel reflection from the flat-polished fibre-tip. &
refers to the distance of the reference interferometer between the first inci-
dent surface of the first beamsplitter, while ¢ corresponds to path lengths
of the undesired interferometers between any adjacent pair of beamsplit-
ter surfaces. (c) shows a 3D illustration of the optical design and (d) shows
which surface of the beamsplitters is polished to remove the anti-reflective
coating, in the same orientation as in (c). The surfaces not explicitly shown
in the diagram are anti-reflective coated.

As Fig.[5.9shows, the optical setup used by this design is extremely simple, with no need
for customised optical elements or polarisation sensitive components. In order to max-
imise transmission, the beamsplitter faces can be bought with appropriate anti-reflective
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coatings which has the added effect of reducing folded path and multiple reflected in-
terferometers between these surfaces. However, since the light reflected by the front
surface of the first beamsplitter is required in the reference interferometer with the fibre-
tip, this surface is left uncoated, or the coating is polished off, in order to take maximum
advantage of the Fresnel reflection at this interface.

Design Considerations

Each additional dimension adds a layer of complexity to the optical design required by
the encoder in order to guarantee unique OPDs for each interferometer of interest. As in
all interferometric applications, additional interferometers with associated optical path
differences are created between any pair of surfaces that cause partial or total-reflection,
in particular surface-air boundaries. As discussed in section it is necessary for
minimising linearity errors that the interferometers of interest have OPDs that are unique
to any other interferometers within the sensing region. This includes interferometers
created by a beam encountering secondary reflections and passes through the sensing
region. The difficulty increases in this particular application due to the beamsplitters,
where the interactions between split beams creates many more interferometers within
the system. These can be better understood as the interferences by a number of different
types of beam passing through the optical system, some of which are summarised and
illustrated in Table[5.1} For simplicity, these beams are summarised for the 2-dimensional
encoder discussed previously, however the beam types and descriptions remain true for
a 3-dimensional encoder also using beamsplitters. Column 1 shows an example diagram
of the beam path, with the reflection points labelled and reflection spatially offset for
visibility. In a practical ideal system, the reflections would all be overlaid. Column 2
categorises the beams into simple types to be considered, with the description of what
defines these beam types in column 3.
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TABLE 5.1: Types of beam found in a 2-dimensional encoder design using

a beamsplitting element, categorised by the optical path of the beam. The

diagrams in column 1 show reflection points and spatially offset beams
for illustrative purposes only.

Example Beam
Diagram Type

= g o=

Beam Path Description

A beam reflected from a single surface. Examples
include Fresnel reflection from a flat-polished

Principl . . . .
rmcipe fibre tip or from a semi-reflective surface
Or mirror.
An emitted beam reflecting from one surface,
reflected back off a different surface to the initial surface,
Folded Path

then reflected back again into the fibre. Alternatives can
include multiple folded paths within the beamsplitter.

An extension of the folded path beam
Consists of a beam reflecting off a single surface,

Doubled Path  reflecting back from the fibre-tip and back again
from the initial surface into the fibre, passing through
the optical system completely twice.
A derivative of the doubled path beam.
Instead of the second pass through the optical system

Split Path travelling the same path as the first pass, instead it diverges

at the splitting element, reflecting from a second surface and
back into the fibre.

Table 5.1 demonstrates the variety of beams present in even a simple optical system. For
each beam type (with the exception of split path beams) considered in table 5.1, multiple
variations of each of these beams exist within an optical system. In particular, folded
paths can occur between any reflective or semi-reflective surface and can reflect multi-
ple times before returning to the fibre, creating beams with secondary or even tertiary
multiples of the internal optical path differences. Considering now the extension to 3-
dimensions. In general, the principle beams scale proportionally to the number of reflec-
tive or semi-reflective surfaces within the optical system. The number of split path and
doubled path beams scale with the number of split dimensions. In the case of double-
path beams, there is an equal amount as the number of measured dimensions, and in the
case of split path beams, each unique pair of paths will create unique split path beams,
totalling 3 pairs for 3 dimensions. Folded paths however will scale near-exponentially
with the increase in reflecting surfaces, as each subsequent surface passed has the poten-
tial to reflect a returning beam, creating a folded path or a variant of a folded path. All of
these beams will then interfere with each other, creating a wide variety of interferometers
at the detector with varying optical path differences.

Smallest Viable Optical Path Difference

From the perspective of arranging the OPDs of interferometers of interest so as to not
coincide with any other OPDs, there are a a couple of key factors to consider. The small-
est OPD in the system will create a "grid" of OPDs that need to be avoided in order to
prevent introduction of non-linearities into the phase measurements. In this optical de-
sign, shown in Fig. the smallest OPD is either between the front and rear surfaces
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of a beamsplitter, or the distance between the two. To increase the range of OPDs, free
from overlap, available for interferometers of interest, the components should be placed
so that as many of the interferometers not of interest lie on this same grid. In this opti-
cal design, the beamsplitters were positioned such that the spacing between the two is
equivalent to the in-air equivalent OPD between the front and rear beamsplitter faces,
placing any interferometers created by interference between any two of the beamsplit-
ters” surfaces on the same grid. In the case of the designed proof-of-concept system, this
means the spacing is set to 15 mm where the beamsplitter has an edge length of 10 mm,
as the in-air equivalent of this is 15 mm. This spacing will also add multiples of 15 mm to
any other interferometers in the system in the form of folded paths between beamsplit-
ter faces, creating additional interferometers that have to be considered in the optical
design.

Split Path Beam Interferences

Another prominent effect in the beam interferences occurs due to interference with split
path beams. Illustrated in Fig. when a split path beam such as is shown in Fig.[5.10(a),
having travelled down one beam path, reflected back from the fibre tip and travelled
down a different path, interferes with a principle beam path from one of those paths as
shown in Fig. b), it creates an interferometer with the same OPD as the other prin-
ciple path interfering with the fibre tip, shown in Fig.[5.10[c). To clarify the beam paths,
reflected beams in all three sub-diagrams (a), (b) & (c) have been offset from the incident
beams. To illustrate this in terms of OPD, Fig.[5.10(d) shows peaks corresponding to each
interferometer at their expected OPD for either interferences with the beams shown in
(@), (b) & (c) and the fibre-tip, or for interferences with each other.
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FIGURE 5.10: Explanation of how split path beams create duplicate op-
tical path differences for a 2D setup. A, B are the geometric distances
from the fibre-tip, O. (a) shows a split path beam, emitted from the fibre
collimator, passing through the optical system down one path, reflecting
from the fibre tip and passing through the optical system down an alter-
nate path before returning to the fibre, with a total effective path length
of A+B. (b) shows a single beam emitted from a fibre collimator, passing
through an optical system and returning to the fibre collimator, with an
effective path length of A. (c) shows a single beam emitted from a fibre
collimator, passing through an optical system and returning to the fibre
collimator, with an effective path length of B. (d) shows an example of ex-
pected interferometers created between the 3 optical beams and a fibre tip
reflection, as well as interferometers created with each other, as a function
of the resultant optical path difference. For ease of understanding, the re-
flected beams in (a),(b) and (c) have been spatially offset from the incident
beams.

Figure illustrates how split path beams create interferometers with duplicate OPDs
to interferometers between principle paths and fibre-tip reflections. In the case shown
here, when then split path beam with effective length A+B, interferes with a principle
beam with effective length A or B, the result is an interferometer with effective OPD B
or A respectively. If the principle beam interfering with the fibre tip is an interferometer
of interest, which it is in this application, phase measurements will include cyclic errors
from this parasitic interferometer.
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It is evident therefore that the secondary reflections, combined with a beamsplitting el-
ement within the system intrinsically introduce cyclic errors into the phase measure-
ments, regardless of the length of the path travelled or which combination of paths either
interfering beam takes. The beamsplitter allows for split path beams that can interfere
with a single principle beam, which will always overlap OPDs with one of the inter-
ferometers of interest. As this effect is independent of the geometrical distances in the
system, it is not possible to avoid this by simply changing the mirror or beamsplitter
positions. Instead, it is necessary to suppress secondary reflections of the beam through
the system, such that they are not multiplexed into the interferometer measured at the
photodiode. In order to achieve this, the collimator is replaced by a slightly de-tuned
adjustable collimator assembly that creates a slightly divergent beam. The effect of this
is that over any extended beam path, such as a second reflection through the system,
the beam shape is changed sufficiently by the time it is re-incident on the collimator the
amplitude of light that is actually in the accepted cone of the collimator is significantly
reduced such that it has negligible effect on the measurement.

Principle Beam Interferences

An additional condition on the design of the optical encoder arises from the interferom-
eter created between two principle beams reflecting off of a pair of mirrors. These OPDs
will be inherently smaller than the interferometers between each mirror and the fibre-tip,
as illustrated by the optical path difference A-B in Fig.[5.10(d), however they may still
overlap with the reference interferometer so must also be considered in any rigorous
optical design. This is also true of the interferometer created between a principle beam
reflecting from any of the mirrors and a principle beam reflecting from the front surface
of the beamsplitter. For each mirror this creates an additional interferometer that needs
to be considered.

Signal Demodulation Conditions

The last condition applied to the optical design arises from the demodulation process
discussed in Chp. 4, For a given interferogram, when the value of each phase carrier
amplitude (PCA) is calculated, where each PCA is equivalent to the OPD of an interfer-
ometer within the system, the value is not discreetly limited. Instead, the value of the
PCA for a particular OPD is governed approximately by a Gaussian distribution across
a range of PCAs. Whilst the interferometer can be resolved from any value within the
Gaussian distribution, the width of these Gaussian peaks determines how close in value
two OPDs can be, i.e. the spatial resolution, whilst still independently resolved and
without introducing cyclic errors into either measurement. During the demodulation
process, a Gaussian width parameter, ¢ is set which determines the width of the win-
dow function applied to the interferometric signal. Note that this ¢ is not a variable of
the function that directly defines the Gaussian distribution in the signal strength against
PCA /OPD graph, but defines the width of the window function used in demodulation.
To distinguish this, the width parameter of the window function will be referenced as
Owin- After demodulation, the width of the Gaussian window applied affects the spread
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of the distribution at each PCA/OPD. This is illustrated in Fig. where a real in-
terferogram is demodulated using range-resolved interferometry for two separate o,
parameters, and the effect on the spread of the distribution in PCA space is shown.

(a) o= 0.04 (b) cwn=0.01

(c) (d)

FIGURE 5.11: (a) shows an interferogram (blue) and an overlayed win-
dow function (red), with a width parameter of o, = 0.04, used in the
RRI demodulation process. (b) shows the same interferogram (blue) over-
layed with a window function with a width parameter of oy,;, = 0.01. (c)
shows a portion of a phase carrier amplitude graph, demodulated from
the interferogram using the window function shown in (a). (d) shows the
same portion of a phase carrier amplitude graph, demodulated from the
same interferogram using the window function shown in (b)

Figure [5.1T(a) shows a multiplexed interferometric signal for an example optical sys-
tem. Using a Gaussian window and the RRI signal processing [98], the amplitude of the
demodulated interferogram can be calculated for a range of phase carrier amplitudes,
including those corresponding to the OPDs of the interferometers of interest. Demodu-
lating the interferometer with a width parameter of oy, of 0.04, shown in Fig. a),
gives a range of demodulated amplitudes, a portion of which is shown in Fig. [5.11]c).
Here, the minimum difference in PCAs that results in a complete separation of distri-
butions, i.e. demodulating at any PCA within the distribution will not add cyclic errors
from the other peak is 13 rad. Demodulating the same interferometric signal with a oz,
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value of 0.01, shown in Fig b) yields the phase carrier amplitude graph shown in
Fig. 5.11(d), allowing for a minimum separation of PCAs of 35 rad. As a direct result
of increasing the Gaussian demodulation parameter ¢,;, the width of the distributions
across the PCAs decreases, decreasing the minimum difference required between the
OPDs in order to not add additional cyclic errors into the phase measurement of either
interferometer.

Design Considerations Summary

A summary of each of the geometric conditions and the effect they have on the optical
design are summarised in table below. As the value of ¢, is applied in the demod-
ulation process, this should be considered in addition to the geometric considerations
summarised in the table. Avoiding these conditions, or reducing them where possible is
paramount to reducing non-linear errors in the interferometers of interest.
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TABLE 5.2: Summary of the geometric conditions applied to the optical

design to minimise crossover of optical path difference. Single passes are

denoted with solid lines, and double passes or folded paths are denoted

with dashed lines. Beams are laterally spaced for illustrative purposes
only.

Example Interferometer
Diagrams Descriptions

Beam 1 passes through twice down
separate paths. Beam 2 passes down one
path once. Resultant OPD is the same as
the other path.

Pairs of mirror beams interfering creates
additional interferometers

Beam 1 reflects from one mirror. Beam 2
reflects from the front surface of the
beamsplitter, creating additional
interferometers for each mirror

Folded paths between beamsplitter faces
creates additional interferometers at
each integer multiple of the OPD
between beamsplitter surfaces

5.3.3 Optical design for 3 dimensions

As a result of the conditions summarised in table it is necessary to optimise the
placement of the mirrors and beamsplitters such that the OPD crossover is minimised
for the interferometers of interest. In the case of this proof-of-concept design using a pol-
ished connector, the interferometers of interest are the principle interferometers created
between each mirror and the fibre-tip, referred to in Fig. 5.9|as a,  and -, and a prin-
ciple interferometer between the front surface of the first beamsplitter and the fibre-tip
denoted as é. In the cases of each principle mirror interferometer there is high flexibility
as the mirrors can be manually adjusted in sub-mm increments. The reference interfer-
ometer meanwhile is adjustable only by translating the cube along the beam axis and
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within the confines of the stage surface. As some conditions depend on the position of
both mirrors and beamsplitters, both components have to be considered simultaneously
in designing the optical system.

For the optical design of this proof-of-concept encoder, the mirrors are placed such that
the reference interferometer, 6 and the dimensional interferometers, «, f and v, all lie
off the 15 mm "grid” of OPDs occupied by folded paths between beamsplitter interfaces.
Finally, the fibre collimator assembly is placed sufficiently far enough away that the ref-
erence interferometer, between the fibre-tip and the front surface of the first beamsplit-
ter, has an OPD greater than the OPD of the interferometer created between the furthest
placed mirror and the reference surface. A schematic of this design including geomet-
ric distances, a photo of the complete optical assembly, and the expected 'ranging’ view
from the RRI demodulation process is shown in Fig.
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FIGURE 5.12: (a) shows a top-down view of the optical design schematic

with principle beam paths, &, 8, v and ¢ highlighted and the geometric

distances of interest ¢ and 1 labelled. Also labelled is the front surface R of

the beamsplitter (b) shows the same design from a side view and (c) shows

a 3D representation of the schematic. (d) shows the expected 'ranging’

view that would be created by the RRI technique, with the interferometers
of interest in colour, and parasitic interferometers in black.
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Figure a) shows a schematic of the optical design of the 3D encoder from a top-down
view with the geometrical distances corresponding to the interferometers of interest la-
belled. The dimensional interferometers, created by a beam reflecting from each mirror
(My, M, and M;) interfering with the Fresnel reflection from the fibre-tip, are labelled as
«, B and -y respectively. Also labelled is the reference interferometer J, between the front
surface of the first beamsplitter cube, R, and the Fresnel reflection from the fibre-tip. Fig-
ure 5.12(b) shows the same setup from a side-on perspective and Fig. [5.12|c) shows a
3D representation of the optical deisgn. Using the RRI technique, the expected 'ranging’
view of this optical system is shown in Fig.[5.12(d) where the interferometers of interest
are coloured and the parasitic, unwanted interferometers are in black.

In order to suppress secondary reflections and split path interferences that would inter-
fere with single passes and overlap with interferometers of interest, as discussed earlier
in Sec. a de-tuned adjustable collimator assembly is used to create a weakly fo-
cused beam with a focus at approximately the length of the longest principle beam. The
collimator assembly has a Gaussian beam divergence of 0.13° [69], which can be esti-
mated as causing a maximum error of 0.12 nm over the £50um travel range of the stage,
which can be considered negligible. In addition to suppressing secondary reflections this
has the added advantage of increasing the angular sensitivity of the fibre tip, making it
easier to align the optical axes that depend on the alignment of both beamsplitters such
as the beam from the mirror M,

Improving the minimum separation of surfaces that can be resolved by the RRI interro-
gation system is achieved by utilising the maximum modulation depth of the laser diode
and driver. To do this,the modulation frequency of the laser is reduced to 24.4 kHz, re-
ducing the quadrature bandwidth to 10 kHz, as discussed in implementation 2 in Chp.[4]
Sec. In turn, this increases the modulation depth to £0.31 nm around its centre wave-
length of 1520.08 nm (in air), as measured using an optical spectrum analyser (Yokogawa
AQ6370C). The interrogation hardware otherwise remains unchanged using the same,
cost-effective laser diode and photodetector.

5.4 Measurements and Results

In order to demonstrate the measurement capabilities of this concept, three-dimensional
displacement measurements over a variety of stage movements, including linear and
helical motions, were conducted and recorded with an interferometric quadrature band-
width of 10 kHz. Additionally, a characterisation of the noise and linearity performance
is undertaken, assessing the limitations of this design.

5.4.1 Interferometer Referencing

In addition to changes made to the interrogation hardware, in this development of a 3-
dimensional optical encoder, the interferometers being interrogated are changed. Where
previously for the 2-dimensional optical encoder interferometers between the mirrors
and the closest beamsplitter face were directly interrogated, as discussed Sec. this
induced cyclic errors in the form of parasitic interferometers into the phase change mea-
surements. For the 3-dimensional development, interferometers between each mirror



98 Chapter 5. Multi-dimensional Interferometric Encoders

and the fibre-tip are instead interrogated. However, since these measurements are not
direct measurements of the stage motion they must be referenced to an on-stage moving
reference. Here, the reference interferometer is created between the front surface of the
first beamsplitter, and the fibre-tip. The measurement from the interrogated reference
interferometer, J, is then numerically subtracted from the measurements from the three,
dimensional interferometers, «, B and 7y, between the mirrors and the fibre-tip, to give
actual stage measurements in each dimension of interest.

5.4.2 Single Axis Stage Motions

The first experimental measurements, similar to the 2-dimensional encoder, concerns the
ability of the encoder to simultaneously interrogate multiple interferometers over a se-
ries of stepped motions in each stage motion axis. Starting from a central position, the
stage was moved to a fixed offset in the X-direction, then swept to the same but negative
offset in the X-direction before being returned to the central position. The same proce-
dure is then repeated in the Y-direction followed by the Z-direction with displacements
in the three directions simultaneously acquired. The results of these stage motions for a
range of motion amplitudes, in addition to an example of the raw displacements from
the interrogated interferometers are shown in Fig.

For a stage motion amplitude set to £50 ym with a linear velocity of 10 ym/s the raw
displacements before subtraction for each of the interrogated interferometers are shown
in Fig. a). After subtraction of the reference interferometer from each of the dimen-
sional interferometer, the effective stage displacement in each measurement dimension
is shown in Fig. 5.13(b). Fig.[5.13(c) shows the displacements measured in X, Y and Z
for the similar motion patterns as described previously, but with an amplitude set to
+5 um and with stage axis velocities of 1 ym/s and Fig.[5.13(e) shows X, Y and Z dis-
placements for the same motion pattern with an amplitude set to £0.5 ym and with a
velocity of 0.1 ym/s. From this data it can be seen that the displacement measurements
for movement in all three directions can be readily obtained in all three cases covering
large, medium and small commanded motions, demonstrating the ability of this sys-
tem to measure in multiple displacement directions simultaneously. Similarly to the 2-
dimensional case, there is a visible parasitic motion in the off-motion axis displacement
measurements during stage motion. To further investigate this a restricted range of the
view of the displacement axis can be used, shown in Fig.
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FIGURE 5.13: Figure (a) shows raw displacement measurements for the
four measured interferometers, «, B, v and J during a series of stepped
motions with an amplitude of 50 pm for each stage motion axis sequen-
tially. The reference interferometer J is then subtracted from the three
dimensional interferometers to give the relative stage motion components
in X, Y and Z, shown in (b). The measured displacements for the same
motion pattern with a stage motion amplitude of £5.0 ym are shown in
(c) where the reference interferometer has already been subtracted. (d)
again shows the measured displacements for the same motion pattern but

for a stage motion amplitude of £0.5 ym.
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FIGURE 5.14: Restricted view of displacement measurements for a series

of stepped motions over a range of amplitudes. (a) shows measured stage

displacements for stage motions of £50 ym showing a restricted view of

the y-axis. (b) shows measured displacements for the same series of stage

motions but with amplitudes of £5.0 ym and again, a restricted y-axis

range. (c) shows yet more measured displacements for stepped stage mo-
tions, but with a stage motion amplitude of £0.5 ym.

Fig.[5.14(a) shows a restricted range of the data for +-50 ym, shown in Fig.[5.13|b), around
the zero-displacement axis in order to better see any undesired displacements measured
in the off-motion axes. Fig.[5.14(b) shows the same data used in Fig[5.13(c) for stage
motions of £5.0 ym but with a restricted range around the zero displacement axis. Fi-
nally, Fig. shows the same data as in Fig. [5.13(d) for stage motions of +0.5 ym. It
can be readily observed in Figs. 5.14] that in addition to the commanded motion there
are displacement signals present in the off-axis directions. For motion in the X direction,
this occurs primarily in the Y direction at an amplitude of approximately 1.2% of the X
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direction amplitude, while the Z direction exhibits only minimal off-axis displacements.
For motion in the Y direction, only minimal off-axis displacements are observed in both
the X and the Z directions. For Z motion, the overall largest off-axis displacements can
be observed, reaching approximately 2.0% and 1.8% of the stage motion amplitude for
the X and Y directions, respectively.

As discussed previously for the 2-dimensional case, the observed off-axis displacements
could be caused by multiple reasons. While non-flatness of the mirrors My, My and M,
and genuine crosstalk in the stage motion are not beyond reason, the more likely cause
of the apparent parasitic motion is misalignment of the optical axes relative to the stage
motion directions. This may not be the only source of the parasitic motion, this is most
likely the dominant source, as in this proof-of-principle design the beamsplitters were
only very coarsely aligned using the 3D printed template that holds the beamsplitters
in place. Adjustment elements for the beamsplitters were too difficult to incorporate in
the setup due to the space-constraint environment on the stage top plate so as before,
with no adjustments on the 3D printed template possible, the stage was aligned using
the goniometers and the rotation stage. With regards to the amplitude of the parasitic
motion, as the Z direction is only dependent on the orientation of a single beamsplitter
placed flat on the stage top plate, this direction is automatically aligned to the stage
principle axis and therefore less prone to off-axis displacements and it can be seen in
all subplots of Fig. that the Z axis displacement signal remains mostly flat during
the movement of the other axes. Conversely, as the Y direction is dependent on the
orientation and alignment of both beamsplitters in all three planes, we expect it to be the
most taxing direction to align and indeed it can be observed that the Y direction exhibits
the largest overall off-axis displacements.

In addition to the discussed alignment errors, drifts in the stage zero position of up
to 30nm can also be observed in Fig. 5.14(c). These drifts could be explained through
changes of the laser emission wavelength or the air refractive index as well as through
non-ideal stage behaviour. Thermal expansion of either the mechanical setup or in the
stage itself for example, could cause an apparent drift in the stage displacement mea-
surements. Furthermore, angular stage errors or cross-talk between stage motion axes
could cause drift in the true motion of the stage, which could be measured as apparent
displacement drift. In general, it is expected that laser wavelength or air refractive index
changes would cause drifts that are proportional to the optical path length, where the
longer path lengths involved in measurements of the Y-axis displacement would be af-
fected the most. Since, however, such a proportionality cannot be observed in Fig.[5.13(f),
non-ideal stage behaviour is the more likely cause and further investigation is needed to
confirm this.

5.4.3 Helix Motions

While single-axis motion measurements adequately demonstrate the use of RRI as a con-
cept for an optical encoder, real applications are likely to require more complex multi-
axis motions and the encoder must remain usable in these conditions. To investigate
this, the Piezo stage is driven in a helical motion over the maximum range of the stage.
To achieve this, circular motions are performed in one plane, consisting of a sinusoidal
and co-sinusoidal stage motion in two axes. The third axis is driven in a linear sweep
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across the full axial range. As previously, phase changes in the four interferometers of
interest are used to calculate relative displacements, and the reference measurement is
subtracted from each of the dimensional interferometer measurements to calculate stage
displacements in the X, Y and Z axes. This is then repeated so that each pair of axes
forms the circular motion plane, X-Y, Y-Z and X-Z. Typical results for these motions can
be seen in Fig. below as both 3D plots and as 2D polar plots corresponding to the
circular planes of motion.

Figure shows displacement measurements for a series of helical motions with pairs
of stage motion axes forming the plane of circular motion with a linear stage motion
in the third axis. In addition to 3D plots of the data, polar plots of the data projected
onto the plane of circular motion i.e. the plane normal to the linear motion axis, are
shown. As demonstrated in figs. (a),(c) and (e), this technique has the ability to
interrogate and measure three dimensions simultaneously even during complex motion
patterns of the stage. In the perfect case, the projections of the helices onto the plane
normal to the linear motion, shown in the polar plots in figs. (b),(d) and (f), should
be a series of concentric, perfect circles at a radius of 50 ym with no offset between
consecutive circles or eccentricity due to the commanded circular motion. In reality,
although figs. (a),(c) and (e) appear to show well-formed helices, the polar plots
reveal deviations in the measured displacement amplitudes between each subsequent
revolution, and in the general displacement amplitude radii. There are primarily two
contributions that have distorted the polar plots from the expected perfect circles. The
offset between each subsequent complete circle is likely due to the misalignment of the
optical axes to the stage motion axes, discussed earlier. For example in Fig. ),
in the case where the linear motion is occurring in the y-axis, there is minimal offset
between each subsequent circle, as the X and Z mirrors are parallel to the Y motion
axis which agrees with the results shown in Fig.[5.14 where during Y axis motion there
was minimal parasitic motion in the X and Z axes. Furthermore this effect can also be
seen in Fig. (d) where the linear motion is occurring in the X axis. Here there is an
offset between each subsequent circle, which can be separated into a small offset in the
Z direction and a larger offset in the Y direction. In this case, the Z mirror is at a slight
angle to the X motion axis and the Y mirror has a larger angular misalignment, resulting
in the offset we see in Fig. (d). In the case of Fig. (b) where the linear motion
occurs in the Z axis, there is an obvious misalignment between both the X and Y mirrors
and the Z motion axis of the stage, which agrees with the parasitic motions in these axes

seen in Fig.[5.14

In addition to the offsets in each polar projection plot, there is an eccentricity to the dis-
placements shown in figs. (b),(d) and (f). This eccentricity could be caused by both
misalignment of the optical axes to the stage motion axe as in the case above, or imperfect
stage motion. In the case where misalignment is the only contribution to the eccentric-
ity, the expected projection would appear to be a perfect ellipse. However, as there are
distortions visible in all three ellipses, it is likely there is a significant contribution from
imperfect stage motion, particularly around the turning points of the sinusoidal and co-
sinusoidal stage motions.

These results clearly demonstrate that regardless of the alignment errors present, the
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FIGURE 5.15: Displacement measurements of helical stage motions. (a)
shows a 3-dimensional plot of the X, Y and Z measured displacements for
a circular motion in the X-Y plane, coupled with a linear motion in the Z
axis. (b) shows the same data flattened in the X-Y plane in polar form,
with a restricted radial axis. (c) shows then data for circular motion in the
Y-Z plane, with linear motion in the X axis, with (d) showing the same
data flattened on the Y-Z plane in polar form. (e) shows data for circular
motion in the X-Z plane, with linear motion in the Y axis, and (f) shows
this same data set flattened on the X-Z plane in polar form.
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proposed concept has the principle capability to fully characterise complex motion pat-
terns and stage errors and that a future setup with improved alignment of the on-stage
beamsplitters could be very useful for this purpose.

5.4.4 Strain Gauge Comparison

To independently verify and compare the displacement measurements made by the in-
terferometers with an existing technique, it is convenient to use the strain gauge sensors
integrated within the Piezo stage itself. In this experiment the stage was moved in a
repeated triangular pattern with 0.2 Hz frequency and an amplitude of 15 ym in a single
stage motion direction, while both strain gauge and interferometer recorded the dis-
placements in the X, Y and Z directions. This was then repeated for each of the stage
motion directions, X, Y and Z, and the results are shown in Fig.
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FIGURE 5.16: (a) shows measured displacements from the interferometer

and from the integrated stage encoder of a 15 ym triangular motion in

the X direction, while (c) and (e) show the corresponding data for the Y

and Z directions, respectively. For all three directions the calculated dif-

ferences between stage encoder and interferometer are plotted below the
respective graphs in (b), (d) and (f).

Fig.[5.16/shows that there is generally good agreement between the stage encoder and the
interferometer with maximum errors below 0.15 ym or 1 % of the travel distance for mo-
tion in the Y direction, and below 0.5 % in the X and Z directions. An error proportional
to the travel distance could be attributed to a mismatch in scaling factors in either the
stage encoder or interferometer. In the case of the interferometer, this could be caused by
wavelength or environmental refractive index uncertainties as discussed previously. The
remaining errors are likely due to the aforementioned misalignment between the optical
axes of the interferometer and the stage motion axes. Here, because the alignment of the
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Y optical axis depends on the precise alignment of both beamsplitters the increase of the
error amplitude in the Y direction compared to the X and Z direction axes seems plau-
sible. Additionally, the superior noise performance of the interferometric data, offering
an instantaneous noise standard deviation of 4.2 nm at 10kHz quadrature bandwidth,
compared to the in-built strain gauge encoders that exhibit an instantaneous noise stan-
dard deviation of 6.3 nm at 1.5 kHz quadrature bandwidth is also visible in insets in

Figs. a), (c) and (e).

5.5 Noise and Linearity Analysis

5.5.1 Noise Analysis

To establish the maximum resolution of the encoder design, it is necessary to examine the
noise content of the encoder across a wide frequency spectrum and to separate out the
components corresponding to mechanical noise, genuine interferometer noise and stage
harmonics. In order to achieve this, an experiment was undertaken using the proof-of-
concept design where one axis is moved in a repeating pattern, while the other two axes
are stationary. To minimise the contribution from the stage motion frequencies, the stage
is moved in a sinusoidal motion, where the motion will then create noise components
with frequencies equal to the fundamental motion frequency and discrete harmonics
of the fundamental frequency. In this experiment, the stage is moved in the X-direction,
with a motion frequency of 5 Hz and an amplitude of 0.5 ym. Measurements of the inter-
ferometers for each dimension and of the reference interferometer were acquired over a
period of 50 s. The displacements in the three dimensions were calculated from the sub-
traction of the reference interferometer J, from each of the dimensional interferometers
«, B and 7. The measurements were then sliced into 1 s long segments and the ampli-
tudes of the Fourier transforms were averaged to obtain an estimate of the displacement
amplitude spectral density.
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FIGURE 5.17: (a) shows displacement data for X, Y and Z for a simple
sinusoidal motion of £5 ym movement in the X-direction. (b) shows the
calculated displacement amplitude spectral density estimate over a 1 s
bandwidth for the measured X, Y and Z directions. Additionally, the di-
rect measurement of interferometer « in Fig.[5.9|without the subtraction of
the reference interferometer J, is shown for comparison, where this signal
is stationary regardless of stage movement and is thus a direct measure of
the instrumental noise.

Figure [5.17(a) shows one 1 s long section of the measurement for directions X, Y and

Z when the stage was directed to perform a sinusoidal motion in the X direction only,
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with no motion in the Y and Z directions. Figure b) then shows the corresponding
displacement amplitude spectral densities for the three measurement signals X, Y and Z
along with the direct measurement of interferometer &, which as can be seen in Fig.[5.9)is
stationary regardless of the stage motion and mechanical stage vibrations, thus making
it a good estimation of the intrinsic noise of the interrogation system. In Fig.[5.17(b) we
can see a peak at 5 Hz as expected from the fundamental frequency of the motion of the
stage. In the X direction this has an amplitude of 0.50 ym amplitude, but there is also a
visible off-axis displacement of 0.01 ym amplitude in the Y direction, which corresponds
to a ratio of 2.0%, the same ratio that was previously observed in Fig. The Z direc-
tion also exhibits an off-axis displacement, although this has a much smaller amplitude
of 0.003 um, corresponding to a 0.6% ratio. These off-axis displacements are likely due
to the misalignment between the optical axes and the motion axes of the stage discussed
earlier in sec5.4.2] By comparison with the instrumental noise obtained from the spec-
trum of the direct measurement of interferometer &, it can be seen that below 100 Hz the
measurements in the X, Y and Z directions exhibit increased noise contributions which
are likely due to the vibration sensitivity of the mechanical setup used for stage align-
ment, specifically the rotation stage and goniometers, with typical noise levels below
1.0nm/+v/Hz . As the interferometer « is free from these mechanical noise components,
it can be seen at lower frequencies that the instrument noise consists of the 1/f noise
typical for interferometric systems and generally stays below a displacement noise level
of 0.4nm/+/Hz, just over half an order of magnitude lower than the mechanical com-
ponents. The complete lack of discernible contributions from the stage movement to
the spectrum of interferometer a also confirms that any instrumental cross-talk between
constituent interferometers is below a level of 0.04%. In addition to instrumental noise
caused by the electricity supply at 50 Hz, 150 Hz and 250 Hz, present in all four sig-
nals, various spectral features between 150 Hz to 300 Hz can be found for the three stage
directions X, Y and Z but not for the signal of interferometer x. These are thought to
be stage resonances, which approximately match the mechanical resonance frequencies
given in the stage data sheet [164]. Above 100 Hz, the displacement amplitude spectra
for all four signals drops to noise floor levels between 0.01 nm/+/Hz and 0.04nm/+/Hz.
The different frequency contributions to the displacement spectral density amplitudes
are summarised in table |5.3|below. Over a typical 1 kHz bandwidth for the case of the
interferometer « without influence of mechanical vibrations, this represents a resolution
(10) of 1.3 nm achievable using this technique.
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TABLE 5.3: Summary of the dominating frequency contributions to the
displacement spectral density amplitudes shown in fig[5.17(b). Column 1
defines the regions of frequencies of interest, columns 2&3 states the sug-
gested origin of the frequency components in these regions for the mea-
surement dimensions, X,Y & Z, and the direct interferometer « respec-

tively.
Frequency Region X, Y & Z displacements Interferometer «
5Hz Stage motion frequency Interferometer noise
50 Hz, 150 Hz, 250 Hz Electrical noise Electrical noise
<100 Hz Mechanical noise 1/f noise
150 Hz - 300 Hz Stage mechanical resonances Interferometer noise
>300 Hz Interferometer noise Interferometer noise

Table 5.3|summarises the expected origins of the frequency components of the displace-
ment spectral density amplitude shown in Fig. b).

5.5.2 Linearity Analysis

To characterise the linearity that can be achieved using this technique and experimental
setup, an experiment was devised to isolate the non-linear errors from the mechanical
noise discussed in sec. To achieve this, the stage is set to perform linear motions at
a given velocity such that any cyclic errors caused by parasitic interferometers with the
same OPD as the interrogated interferometers of interest create cyclic errors at a fixed
frequency within a frequency region with minimal mechanical noise. From the data
shown in Fig.[5.17(b), the region from 50 Hz to 100 Hz offers minimal mechanical noise
without stage resonances to avoid. To determine the expected frequency of cyclic errors
f for a given stage motion velocity v, equation |5.1| can be used, where A is the central
evaluation wavelength and the factor of two arises as the interferometer is operating in
reflection.

f=20/A (5.1)

It is expected that stage motion errors, as well as mechanical vibrations, will scale with
the stage motion velocity, so keeping the stage velocity low would be ideal. However,
the stage velocity must also be high enough that the cyclic errors occur in the 50 Hz to
100 Hz frequency region. To this end, a velocity of 50 ym/s was chosen, which according
to equation 5.1} with a central interrogation wavelength of 1520.08 nm, will cause cyclic
errors to occur at approximately 66 Hz. This is comfortably within the optimal region
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without the need for over-driving of the stage. In this experiment, the stage is moved
in a single motion axis in a triangular motion. In order to remove any non-ideal motion
effects at the turning points from the analysis, a 1 s long segment over the central portion
of the ramp is selected and a linear fit subtracted. Then a polynomial fit is fitted to
this data to remove any remaining effects due to non-uniform motion. The section of
the triangular displacement signal used for this analysis process is also illustrated in
Fig.[5.1§(a). The displacement amplitude spectral density is then calculated in a similar
fashion to in Fig. [5.17(b), using 20 repeats of this data. To confirm that any errors at
this frequency are cyclic errors, a second set of measurements are performed with an
increased velocity of 70 ym/s, which should shift the frequency of any first order cyclic
errors to approximately 92 Hz. The calculated displacement spectral amplitude densities
for the X, Y and Z axes during both of these motions are shown in Fig. b) and (c).
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FIGURE 5.18: (a) shows an example of one period of one of the triangu-
lar motion measurements used in this experiment and highlights the 1 s
analysis region evaluated. (b) shows the displacement noise spectral den-
sity estimate for a 50 ym/s movement, while (c) shows this for a 70 yum/s
movement. In both (b) and (c) the determined cyclic error contributions
occur at different frequencies and their extracted displacement amplitudes
are labelled.

Fig. a) shows an example period of the measured triangular displacement, and the
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1 s section of the ramp used in this analysis. From Figb) and (c) we can see peaks
corresponding to the 50 Hz, 150 Hz and 250 Hz mains harmonics and spectral features
due to mechanical resonances of the stage at 175-180 Hz in the Y-direction and between
220-240 Hz in the X and Z directions that were also present in Fig.[5.17(b). Critically, these
features have comparable amplitudes and frequencies in both experiments, which means
they cannot be caused by cyclic errors, due to the differing velocities. In Fig. [5.1§(b), for
all three directions, we can also see a peak corresponding to the expected first order
cyclic error cyclic errors at 65.8 Hz, while in Fig.[5.1§(c) we can observe that for all three
directions this peak has moved to the frequency of 92.1 Hz expected for this velocity.
This shift in frequency clearly indicates that these peaks are due to cyclic errors.

It can be seen in Figs.[5.1§(b) and (c) that in all cases, the displacement amplitudes of the
cyclic errors remain well below 1 nm. This is approximately equal to a phase error of 0.5°
and the lowest cyclic error achieved for the Z direction in Fig.[5.1§(b) is as low as 0.15nm
or 0.07°. Furthermore there is a notable absence of second-order cyclic errors at double
the respective first-order cyclic error frequencies. Although, as discussed previously,
suppression of secondary reflections and multiple bounces is achieved through weak
focusing of the laser beam, we expect that the remaining cyclic errors occur as a result of
secondary reflections within the beam path interfering with straight reflections such that
the OPD between them is the same or close to the OPD of the interferometer of interest.

5.6 Dual-Beam Angle Encoder

Building on the same principles employed in the three-dimensional displacement en-
coder, this section discusses the development and experimental results of a proof-of-
concept dual-beam encoder capable of measuring simultaneous displacement and angle
measurements along a single axis, for a total of 2 degrees-of-freedom. In this section, the
optical design including the design principles are discussed, followed by presentation
of preliminary experimental results, and concluded with made using a proof-of-concept
development of dual-beam encoder.

5.6.1 Principle and Design

In this design, range-resolved interferometry is used to interrogate multiplexed interfer-
ometers, as in the 3-dimensional encoder design. Here, instead of perpendicular beams
corresponding to each measurement direction of interest, spatially offset, parallel beams
are multiplexed onto the same delivery fibre. By performing phase evaluation of inter-
ferometers created by two spatially offset beams reflecting from the same surface, inter-
fering with a reference surface, the relative displacement of the surface can be measured.
From the trigonometric relationship between the spatial offset d, and the difference in
measured displacement between the two beams Ax = x; — x2, shown in eqn the
angle change of the measurement surface Af can be determined:

tan (Af) = % (5.2)
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In order to measure this, a simple optical setup was developed that uses beamsplitter
cubes to divide an optical beam emanating from a fibre collimator into two parallel, spa-
tially offset beams. In this design, illustrated in Fig. the two spatially offset beams
are created by vertically stacked beamsplitter cubes with appropriate orientation. As in
the 3-dimensional encoder design, a de-tuned adjustable collimator assembly is used as
the optical access port of this setup, both emitting light from the laser and collecting re-
flected light. On the opposing side of the beamsplitters, a planar mirror is mounted on a
controlled pitch-yaw aligned so that the pitch axis is perpendicular to the dimension of
interest. At the first beamsplitter interface the beam is split in two, with the first beam
transmitted towards the mirror, reflecting the beam back at point M;. The second beam
is reflected towards the second beamsplitter, which in this case acts as a convenient 45°
reflective surface to direct the split beam also towards the mirror, which reflects the beam
back at point M,. The spatial offset between the two beams is then defined by the geo-
metric distance between the two beamsplitters, where in this case the vertical mounting
reduces the separation, d, to the equivalent side length of one cube beamsplitter. Fig.
illustrates this geometry including the reflection points of interest, alongside a photo of
the encoder.
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FIGURE 5.19: (a) Side-on schematic of the 2 beam displacement and angle

encoder including a close view of the incident points at the mirror. Key

dimensions and locations have been labelled and geometry such as mirror
tilt has been exaggerated for effect. (b) Photo of the optical setup

Fig. shows a side-on schematic of the complete optical setup including a close-
view of the mirror reflection points. Here, the mirror is shown tilted at an exagger-
ated angle for illustrative purposes. To perform measurements using this optical setup
whilst avoiding issues with intrinsic non-linearities caused by split paths, as discussed
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in Sec. three interferometers are interrogated. The two principle paths created by
the beams reflecting from the mirror at points M; and M, are interfered with a Fresnel
reflection at the fibre-tip to create interferometers with OPDs L(M; — O) and L(M; — O)
respectively. To limit the sensitive region of the interferometer to only the path from the
beamsplitter cubes onwards, the front surface of the first beamsplitter face, at point R,
is polished to remove the anti-reflective coating, and a reference interferometer is cre-
ated between the front surface of the beamsplitter and the fibre-tip Fresnel reflection
with OPD of L(R — O) . Eqn. can then be rewritten to calculate the angle change
of the planar mirror from the measured change (A) of displacements from each of these
interferometers as:

(5.3)

AB + 6y = arctan (A(Ml —R) _A(Mz_R)>

d

where 0 is the unknown zero-position of the measurement. The reflected beams all re-
enter the fibre via the fibre collimator and the same interrogation hardware as previously
for the 3D optical encoder is used to demodulate and evaluate the interferometers.

As discussed previously in Sec. to avoid the addition of non-linearities into the
phase measurements of the interferometers of interest, the geometry of the system should
be carefully considered. In this design of a 2-beam angle encoder, there are three primary
considerations to be made.

Folded Paths: As in the three-dimensional displacement encoder, folded paths created
between semi-reflective and reflective surfaces creates a ‘grid” of interferometers
with OPDs equal to multiples of the smallest OPD in the system. As before, this is
created between pairs of beamsplitter surfaces, occurring at the multiples of 15 mm
in-air OPD. In the 2-beam angle encoder design however, the difference between
the OPDs of the two measurement interferometers of interest is fixed by the geom-
etry of the beamsplitter. Here direct contact between the beamsplitters creates a
fixed difference in OPD of 15 mm in-air for the two interferometers of interest, so
placement of the mirror to ensure that these lie off of the "grid" of parasitic folded
path interferometers is necessary.

Split Paths: The act of splitting the light into two separate beams intrinsically creates
parasitic interferometers when beams that pass through the system twice, once
down each path, interfere with a principle beam from one of these paths. This
is discussed in Sec. in terms of the three-dimensional displacement encoder,
however the principle remains the same. To suppress secondary reflections from
the fibre-tip, a detuned adjustable collimator assembly is used, such that the beam
profile is sufficiently altered after the second reflection, that contributions into the
interferometric signal from these beams are minimal.

Principle Beam Interferometers: As well as these interferometers to consider, some of
the principle beams interfering with one another can occur with similar OPDs to
interferometers of interest, specifically the reference interferometer. This typically
occurs due to the direct interferometer between the principle beams reflecting from
the mirrors and the principle beam reflecting from the reference surface, having a
similar OPD to the reference interferometer. To avoid this, the fibre-tip can be
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placed sufficiently far enough away that these parasitic interferometers have an
OPD significantly larger than the reference interferometer OPD.

These conditions can be seen applied in the signal amplitude against phase carrier am-
plitude graph shown in Fig. Here, the interferometers have been labelled with the
corresponding optical path difference using the geometry shown in Fig.[5.19(a), with the
addition of the inter-beamsplitter-surface optical path measurement ¢, used previously.
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L(hl;l((plzd )
! LOV-(R0) vy R)
L(29) L(R+9-0)  L(Mi-(R+9)) \

FIGURE 5.20: Amplitude against phase carrier amplitude graph for the 2-

beam angle encoder design, where phase carrier amplitude is analogous

to optical path difference. For the main peaks OPD has been labelled and
for the interferometers of interest, highlighted.

Fig. shows the amplitude against phase carrier amplitude graph for the 2-beam
angle encoder shown in Fig. Of interest are the interferometers with the high-
lighted OPDs, namely the two measurement interferometers with OPDs L(M; — O) and
L(M; — O), and the reference interferometer with OPD L(R — O). It is reasonable to
question why the direct interferometers with OPD L(M; — R) and L(M; — R) are not
interrogated, given that it reduces the number of interferometers required and elimi-
nates the need to numerically subtract a reference interferometer afterwards. The an-
swer, in this particular case, is due to the parasitic interferometers created by the prin-
ciple beams reflecting from M; and M, interfering with a beam that has reflected from
the back surface of the first beamsplitter, giving it a total path length of L(R + ¢). The
end result of this is two parasitic interferometers with path lengths L(M; — (R + ¢))
and L(M; — (R + ¢)) respectively, the latter of which directly overlaps with the direct
interferometer with OPD L(M; — R).

5.6.2 Experimental Results

In order to see whether this concept could be used to measure simultaneous displace-
ment and angle measurements for a single linear dimension, the 2-beam encoder was
used to measure pitch changes in the planar mirror. The planar mirror is mounted on a
pitch-yaw stage, with the pitch direction aligned to the optical axes of the two incident
beams. Over a series of pitch angle step changes, measurements of phase changes for
the three interferometers of interest were performed. From these, displacement mea-
surements, and from Eqn.[5.3|pitch angle changes, can be calculated. The results of these
measurements are shown in Fig.
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FIGURE 5.21: (a) measured displacements from the three interferometers

of interest. (b) displacements from measurement interferometers after the

reference interferometer measurement has been numerically subtracted

(c) calculated resultant angle change from the interferometer data com-
pared to data from the pitch-yaw stage in-built encoder.

Fig. [5.21[a) shows the measured displacements from each of the three interferometers
of interest, namely the two dimensional interferometers with OPD M; — O and M, — O
and the reference interferometer with OPD R — O. As expected here there is no visible
motion in the reference interferometer, but the stepped pitch changes are visible in the
dimensional interferometers. Numerically subtracting the reference interferometer from
the dimensional interferometer measurements, the displacements between each mirror
reflection point and the reference surface are shown in Fig. .21(b). As expected, the
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two measurements undergo the same general pattern of displacement changes but with
different displacement amplitudes. Fig.[5.2c) then shows the calculated angle change
from these displacements (red), using Eqn. This calculated angle change is com-
pared to the direct measurement from the in-built stage encoder (black). In general,
there is good agreement between the interferometric measurements and the stage en-
coder, with both measuring the same stepped sequence, including some overshoot by
the stage. However, there is some visible scaling differences between the two measure-
ments, most notable at the two extremes of the pitched motion. To better compare the
two measurements points corresponding to the stationary sections at each angle step are
sampled, then compared in Fig.
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FIGURE 5.22: (a) Calculated angle changes from the interferometer and

an in-built stage encoder. Also marked are the sample locations for direct

comparison between the two data sets. (b) direct comparison of the en-

coder data at the sampled locations to the interferometer data. A linear
best fit is also shown.

Fig. a) shows the measured data sets from both the interferometer and the in-built
stage encoder for a series of pitch angle changes in increments of 0.05°. In addition, the
sample locations for direct comparison of the two measurements are marked. Fig.[5.2T{b)
directly compares the two measurements of pitch angle changes by plotting sampled
data from the encoder against sampled data from the interferometer. Here, a line of best
fit is also shown for this data. In principle, for identical data sets it would be expected
that this data has a linear best fit with a gradient of m = 1 and a R? value of 1. From
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the sampled data, the gradient can be calculated as m = 1.027 which is illustrative of the
proportional offset of approximately 3 % we see in Fig.[5.22a), and a linear regression is
calculated of R? = 0.99993. This gradient could be caused by a couple of factors related
to the geometry of the optical setup, or a factor linked to the interrogation system:

1) Misalignment: Misalignment of the optical axes to the stage pitch direction could
cause one or both dimensional interferometers to be measuring a different optical beam
path than expected. This could occur via a small rotation of the mirror relative to the
pitch direction, misalignment of the pitch direction to the optical axis of the encoder or
a mutual misalignment of the beamsplitters to one another. As, in this proof-of-concept,
the optical setup is only coarsely, manually aligned, uncertainty due to misalignment
is likely. A more robust mechanical development of the optical setup could reduce this
uncertainty including automatic alignment systems.

2) Wavelength Uncertainty: As the interferometric measurements are intrinsically linked
to the emission wavelength of the laser, mis-calibration of this emission wavelength
could cause a systematic scaling error in the measured displacements, and hence an-
gle measurement. Thorough calibration of the emission wavelength or inclusion of a
wavelength stabilisation system could be used to reduce or eliminate this error.

3) Angular Stage Encoder Errors: In this experiment the pitch-yaw stage is a commercial
off-the-shelf component. Whilst it is likely that the encoders embedded in the stage are
calibrated at production, it’s unclear whether any calibration occurs during the initiali-
sation of the stage. Here, mis-calibration of the stage encoders could produce errors in
the measurement of stage angle, contributing to the scalar offset seen in Fig.[5.21]a).
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5.7 Discussion & Further Work

These proof-of-concept designs serve as a demonstration of how RRI could be applied
to optical position and angle encoding, offering the benefits, and mitigating some of
the major drawbacks, of traditional interferometric techniques. Here displacement mea-
surements have been presented over a nominal stage operating range of =50 ym of up
to three Cartesian directions, acquired simultaneously and with a low-footprint optical
setup using just a single optical access port. In addition, proof-of-concept measurements
have been presented of this technique applied to a dual-beam angle encoder that allows
simultaneous measurement of displacement and pitch angle changes in a single linear
dimension.

Noise and Linearity: For the 3-dimensional optical encoder design, instrumental noise
densities were presented below 0.4 nm/+/Hz, dropping to below 0.1 nm/+/Hz above
50 Hz, with a 10 kHz quadrature bandwidth. Here, typical cyclic error amplitudes were
achieved well below 1 nm without any corrections. Below 50 Hz, frequency noise (1/f)
from the laser is the dominant source of noise, which could be improved through the use
of advanced laser diodes and drivers. This linearity performance, without correction, is
comparable to existing interferometer designs including highly linear commercial inter-
ferometers [110]. This level of linearity is possible due to discriminate demodulation and
analysis of interferometers based on optical path differences, by range-resolved interfer-
ometry. To achieve even lower non-linearities, a more robust optical and mechanical
system could be designed that achieved advanced suppression or avoidance of parasitic
interferometers. Techniques for compensation of non-linearities [104, [110] such as the
Heydemann correction [109] could be also be applied to further reduce non-linearities.

Minimum Separation of Surfaces: With regards to the limitations of the proof-of-concept
designs presented here, firstly, the current interrogation system requires a minimum spa-
tial separation between the reflecting surfaces of 5 mm (in-air) to avoid inducing cyclic
errors due to the peak crossover discussed earlier. To improve this further and allow for
more compact optical setups, the wavelength modulation amplitude could be increased,
which could be achieved through the use of diode lasers that are more widely tunable, or
alternatively through the use of external cavity lasers (ECLs). However, particularly the
use of ECLs is likely to increase the cost and lower the achievable quadrature bandwidth
of the interferometer.

Maximum measurement range and velocity: The current implementation of the RRI
interrogation hardware has an ADC acquisition rate of 100 MHz and operates at a wave-
length modulation frequency of 24.4 kHz, which allows the system to achieve a quadra-
ture bandwidth 10 kHz, allowing a maximum demodulation phase carrier amplitude of
~ 2000rad to be interrogated [98]. Using the scaling factor of 0.58 mm/rad, previously
determined in Sec. this maximum demodulation phase carrier amplitude corre-
sponds to a maximum distance (in air) from the fibre tip of ~ 1.2 m. By lowering the
wavelength modulation frequency and correspondingly the quadrature bandwidth, the
maximum distance could be increased, however this would also lower the maximum
travel speeds that can be measured by this technique whilst maintaining accurate track-
ing of the target surface. To determine the maximum allowable travel speed this setup
can interrogate, we can use basic interferometric principles. The maximum phase change
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that can be measured over the inverse of the quadrature bandwidth Q is 277, equivalent
to one spatial period of the interrogation wavelength A. The maximum travel speed
that can be accurately measured is therefore v = (A/2) x Q, where the factor of two
arises as the setup operates in reflection. In this implementation, with Q = 10 kHz and
A =1520.08 nm, target velocities of up to 7.8 mm/s can be tracked.

Maximum measurable travel range: The presence of undesired interferometers within
the system, such as those between the fibre tip and the beamsplitter surfaces create a
limit on the maximum travel range that can be measured using this approach. In the
setup, as seen in Fig. these form a grid of OPDs at multiples of the effective optical
path difference between the surfaces of the beamsplitters, equivalent to 15 mm (in air).
If the desired interferometers &, B or -y overlapped with this grid, increased cyclic errors
would result. As a result, with the current configuration the maximum travel range is
limited to 5 mm to maintain the linearity performance demonstrated here. However,
this maximum travel range exceeds by a factor of 100 the £50ym maximum travel range
for the Piezo stage that was used here and which is representative of many nanoposi-
tioning systems with practical relevance.

Sources of Error: In this proof-of-principle setup, the dominant source of errors arises
from the misalignment of the optical axes to the stage motion axes, due to the course
alignment that the 3D printed template provides the beamsplitters. These alignment
errors could be easily reduced by a more sophisticated and rigorous design, such as
on-stage mechanical setup that better aligns the beamsplitters to the stage motion axes.
Another source of error in this experiment comes from the uncertainty in the absolute ac-
curacy of the interrogation wavelength, where, using the manufacturer specifications for
the described optical spectrum analyser measurements, an uncertainty of approximately
13 parts-per-million (ppm) can be estimated. Over the £50 ym stage travel range, this
corresponds to uncertainties of 0.7 nm. For long-term measurements, laser wavelength
stability must also be considered as a source of error as it affects the entire effective path
length of the interferometer. In this setup, the laser driver and temperature controller
used offer a combined stability of approximately 0.3 ppm of the laser wavelength. Over
the 99 mm effective path length of interferometer g — J, the longest effective path length
used in this optical setup, the laser wavelength drift adds a drift error of up to 30 nm.
In addition, as in most interferometric techniques, air refractive index changes [113] will
affect the uncertainty of measurements, affecting the entire path length and not just the
travel range. In well-controlled lab conditions it is reasonable to expect 1 ppm uncer-
tainty, equivalent to a maximum error of up to 100 nm. In practical conditions, this
would need to be considered and compensated for using a technique such as the use
of external refractometers [[118], or in lab conditions to reduce this error further. Fur-
thermore, dual wavelength approaches[167]] are also in principle compatible with the
proposed approach.

Further work on this system could incorporate the use of absolute wavelength calibra-
tion and stabilisation techniques such as absorption line-locking to gas cell, that would
lower the absolute wavelength uncertainty and also improve the laser stability. Here,
where the uncertainty in displacement is intrinsically linked to the emission wavelength
uncertainty in terms of both stabilisation and calibration, stabilisation techniques are
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necessary to achieve high-accuracy displacement measurements. As discussed in prin-
ciple in Chp. 3] typical stabilisation techniques such as Fabry-Perot cavities and self-
injection locking are not appropriate for use with widely wavelength modulated tech-
niques such as range-resolved interferometry and instead, new techniques or modifica-
tions to existing techniques must be developed to lock the central emission to a known
reference standard. In Chp.[6] a novel wavelength stabilisation technique is developed
specifically for widely wavelength modulated techniques such as RRI, and the principles
and experimental results of this are presented. An alternative to an active stabilisation
technique would be to employ an additional stable reference interferometer constructed
using materials with low thermal expansion that could easily be added to the current
design, and used to correct for both laser wavelength instability and refractive index
changes [168].

5.8 Summary

In this chapter, the development of multi-dimensional optical encoders for dimensional
metrology has been presented. Here, three developments have been shown; a 2D dis-
placement encoder, a 3D displacement encoder and a 2-beam angle and displacement en-
coder. Using-resolved interferometry, a pseudo-heterodyne technique that uses a range
dependant carrier function, multiplexed interferometers corresponding to measurement
dimensions of interest, with unique optical path differences, are selectively demodulated
and evaluated. In this chapter, the key design principles have been presented along with
the proof-of-concept designs for each of these encoders. For the displacement encoders,
optical paths are created between planar mirrors for each dimension of interest, and
Piezo stage-mounted beamsplitter cubes. For the angle encoder, this is achieved by two
spatially offset beams reflecting from the same planar mirror, after separation by a beam-
splitter, which is mounted on a pitch-yaw tilt stage.

Experimental results for each of these encoders have also been presented. For the 2D
displacement encoder, results of displacements over a nominal stage range of £ 50 ym
are presented for both single linear motions, and two dimensional circular motion. For
the 3D displacement encoder, similar measurements were made of displacements over
the stage range of £ 50 ums for single linear motions, with additional measurements of 3
dimensional stage motion. Also presented is comparison of the interferometric encoder
to the in-built stage encoder, showing good agreement with maximum errors below 1%
of the stage travel distance in the Y-direction and below 0.5% in the X and Z directions.
These measurements also show the improved noise performance of the interferometer
over the in-built strain gauge encoders, showing instantaneous noise standard deviation
of 42 nm at 10kHz quadrature bandwidth compared to 6.3 nm at 1.5kHz quadrature
bandwidth from the strain gauge encoders. Examining this noise performance further,
exhaustive noise and linearity measurements were presented and analysed. The inter-
ferometric measurements show typical displacement noise levels below 0.4 nm/+/Hz,
with 0.4 nm/+/Hz at 1 Hz, and dropping to 0.01 nm/+/Hz above 100 Hz. For interfer-
ometric measurements in particular, linearity is of particular importance and here non-
linearities from cyclic errors remain well below 1 nm, approximately equal to a phase
error of 0.5 °, for all three measurement directions. Measurement results using a dual-
beam angle and displacement encoder are also presented, demonstrating an alternative
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configuration of the same optical components and interrogation hardware that offers
both linear displacement and pitch angle measurements. Here, measurements results of
stepped pitch angle changes are presented, showing good agreement to measurements
from the in-built stage encoder.

The performance of all three encoder designs demonstrate the efficacy of this approach
towards multi-dimensional optical encoder design. Range-resolved interferometry, in
conjunction with a considered, but simple optical design is already highly competitive
with existing techniques, offering high precision measurements with the benefit of a
significantly simplified optical setup. Further to this, the capability for multiplexed in-
terferometric measurements allows for novel configurations of optical setup that could
expand the usage of interferometric encoders into wider applications. Offering range
dependant demodulation, the reduction of non-linear errors caused by parasitic inter-
ferometers can be achieved with simple, cost-effective interrogation hardware. To this
end, range-resolved optical encoders offer significant benefit over traditional approaches
to multi-dimensional metrology.
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Chapter 6

Widely-Wavelength Modulated
Swept Absorption Line Locking

This chapter describes the development of a novel wavelength stabilisation technique
for widely-wavelength modulated lasers where the wavelength modulation amplitude
is several orders of magnitude wider than common references. Wide wavelength modu-
lation is used in techniques such as range-resolved interferometry, a pseudo-heterodyne
signal processing technique detailed in Chp. 4 and applied to multi-dimensional en-
coders in Chp.[5l In this chapter, experiments to determine the efficacy of this developed
novel stabilisation technique and the results of these, are discussed.

6.1 Motivation

Wavelength, or frequency, stabilisation is paramount in laser-based applications where
the precision of knowledge of the laser emission has direct implications on the uncer-
tainty of a measurement technique, such as in laser interferometry. A wide range of
existing techniques, some of which are presented in Chp.|3| have been previously devel-
oped for wavelength stabilisation in regimes where there is no, or very low, wavelength
modulation, where the modulation amplitude is typically within an order of magni-
tude of the reference linewidth. However, in regimes where the modulation amplitude
is an order of magnitude or more larger than typical reference linewidths, such as in
range-resolved interferometry [98]], these techniques are less effective. Therefore, novel
techniques for wavelength stabilisation in these regimes need to be developed.

6.2 Principles and Methods

This section describes the principles behind the developed locking technique, from the
initial modulation through to the feedback signal. This technique follows the process
outlined in Chp. 3| Sec. divided into the following steps;

¢ Laser Emission
¢ Interaction with Wavelength Reference Cell/Line

* Measurement of Interacted Light
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¢ Signal Analysis
¢ Wavelength Tuning

These steps are discussed in further detail below and is followed by discussion of the
practical implementation of this technique.

6.2.1 Stabilisation Process
Laser Emission

The laser is modulated using sinusoidal injection current modulation, which results in
both a sinusoidal wavelength/frequency modulation, as well as a sinusoidal intensity
modulation. Both are considered in the first order to scale proportional to the intensity
modulation, within the lasing current thresholds of the laser diode. While the intensity
modulation is an important factor that will be discussed later, the intended output for
this technique is the wavelength /frequency modulation.

In a single period of the laser modulation, the emission of a laser diode modulated with
a sinusoidal modulation waveform, will "sweep" through a range A. + A, where A,
is the central laser emission wavelength, and A is the modulation depth of the laser.
This sinusoidal waveform has a modulation period the same as that of the injection cur-
rent modulation waveform, but typically has a phase offset 8, determined by the laser
diode and driver characteristics. Meanwhile, the intensity modulation occurs typically
in-phase with the injection current modulation. The wavelength modulation as a re-
sult of sinusoidal injection current modulation with modulation frequency f,,, can be
described by;

A(t) = A¢ + SAsin 27t fiut + 6, + o] (6.1)

Where 6 is the original phase of the modulation waveform. The intensity modulation
can be assumed, within the lasing current thresholds, to be proportional to the injection
current of the laser. The intensity modulation waveform Iy(f) can therefore be described
similarly to eqn. with an intensity amplitude 61 and a central intensity I as

I()(t) = I.+ dIsin [Zﬂfmt + 90] (62)

Interaction with Wavelength Reference Cell/Line

If the laser is passed through an atomic gas cell and is directly incident on a photodetec-
tor, the measured intensity I is given by the Beer-Lambert Law [169];

I(t) = 10~ 41y (t) (6.3)

where Ij is the original intensity, and A is the absorbance, calculated as the product of
the molar absorption coefficient ¢, the interaction length [ of the optical beam and the
absorbing medium, and the molar concentration c. The molar absorption coefficient of
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the medium is wavelength dependant, which in turn is time-dependant, so eqn. can
be re-expressed as:

I(Ag, t) = 107 EQD-ell o (p) (6.4)

where A; is the time-dependant wavelength modulation function expressed in eqn.
As expressed by eqn. as the injection current is modulated, there is changes to the in-
tensity at the detector caused by both changes in Iy () and the changes in the wavelength
modulation, which results in chan to the absorption coefficient ¢(A¢). An example ab-

sorption spectra is shown in Fig. |6.1| for acetylene (1?C,H,) in the near infra-red region
showing the R and P branches.

Absorbance (rel.)

|| ..Lm.JJM H

1.510 1.515 1.520 1.525 1.530 1.535 1.540 1.545
Wavelength (um)

FIGURE 6.1: Absorption data for acetylene gas in the near infrared region.
Data from [170].

Measurement of Interacted Light

The result of the interaction with the reference cell, is that for a single modulation period,
an absorption feature within the wavelength range A. & JA, where ¢ increases in value,
will cause significant dips in the measured intensity. For each nth absorption feature
with wavelength A,, the wavelength modulation sweeps past A, twice within a single
modulation period. This causes two dips in the measured intensity seen in the photode-
tector signal, indicative of the forward and reverse sweep of the wavelength modulation

over the absorption line at A,. An example of this is shown in Fig. for a single sweep
through an acetylene gas cell (*>C, Hy).
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FIGURE 6.2: Photodetector reading for a single modulation period of a
laser sinusoidally modulated through an acetylene gas cell.

Signal Analysis

As discussed earlier, whilst the intensity modulation of the laser is directly visible in
the photodetector signal, the wavelength modulation is not and has a phase offset from
the intensity modulation. Notably, and visible in Fig. the absorbance features are
skewed by the intensity modulation. Furthermore, the presence of higher-order har-
monics present in both the intensity and wavelength waveforms, discussed in Chp.
will further skew the centre of the waveform. Finally, locking to a location on the inten-
sity modulation sweep assumes that the frequency response of the acquisition system is
perfectly flat across all frequencies, in order to perfectly resolve both the low frequency
intensity sine, as well as the high frequency absorption line. If this frequency response
was not flat, or any drift occurred, the locking would no longer be correct, but it would
not be visible in the measured data.

As a result, simply locking the absorption line to a fixed location on the visible mod-
ulation sweep is inaccurate. Instead in the method presented here, the intensity mod-
ulation is first corrected using a fitted waveform of the same period and shape as the
laser diode current modulation. This is achieved by application of the Beer-Lambert law
re-arranged for absorbance, A, using the fitted waveform as the incident intensity Iy and
the photodetector signal as the transmitted intensity I, shown in eqn.

hh(t)
I(t)

For particularly strong absorption, i.e. high values of A, the absorption troughs cause
significant skewing to the data. To accurately fit a sine wave to the measured intensity,
the sampled data on and around the absorption troughs must be ignored as part of the
fit, or given weights in the fitting significantly lower than the rest of the data. To achieve
this, the first order derivative of the data is calculated, and a threshold selected. For
the peaks above this threshold, a region either side is selected and omitted from the
original data set. With the modified data set, a least-squares optimisation is performed
of a model sinusoidal function, to calculate the best fit model. Fig. demonstrates

A(t) =logy, (6.5)
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these steps for an example photodetector signal passing through an acetylene cell and
wavelength modulated over a single dominant gas line.
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FIGURE 6.3: Process of calculating the absorption for a laser diode emis-
sion wavelength modulated across a gas line showing; (a) Photodetector
signal (b) First derivative of the photodiode signal with selected thresh-
olds (c) Photodiode data after selections of data around the threshold

crossings are removed and sinusoidal fit (d) Calculated absorption
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Fig. a) shows a raw photodetector signal for a laser diode modualted through a gas
cell with an absorption line within the wavelength modulation range. The first deriva-
tive is shown in Fig. [6.3(b), as well as the manually selected thresholds. Where the
derivative crosses these thresholds, a copy of the sample data used for fitting is removed
and the rest of this is shown in Fig. [6.3(c) along with the best fit sine to the remaining
data. The fitted sine is then used as the incident intensity Iy in eqn. 6.5/and the resultant
absorbance spectrum is shown in Fig. [6.3(d). This consists of two clear peaks, per gas
line, on an approximately flat baseline. Using standard peak fitting techniques such as
the Levenberg-Marquardt algorithm [171), 172], a Voigt or Lorentzian function, depen-
dant on the pressure of the gas cell, can be fit to both peaks and the time relative to the
start of the modulation period at which the absorbance peaks occur can be found.

Wavelength Tuning

Through tuning of the laser junction temperature, the centre wavelength of the laser
emission can be changed following an approximately linear relationship, shifting the
entire sinusoidal wavelength modulation. In the photodetector signal, this results in the
pair of absorption peaks shifting either towards, or away from, the turning point of the
modulated intensity signal. This concept is illustrated in Fig[6.4|where experimental data
of a 1521 nm laser diode being sinusoidally modulated through an acetylene (12CyH,) cell
is shown for a range of laser temperature setpoints.
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FIGURE 6.4: Photodetector signals for a sinusoidally modulated laser
passing through a sealed gas cell over a single gas absorption line for a
range of laser temperature setpoints.

Figl6.4shows a series of photodetector signals for a single sinusoidal modulation period
through an acetylene gas cell. As the laser emission wavelength sweeps past the absorp-
tion wavelength of a gas line, an absorption trough is seen in the photodetector signal
in both the forward and reverse sweeps of the laser. If multiple gas lines are within the
laser wavelength modulation range, multiple pairs of gas lines will be visible within a
single laser sweep. Here it can be seen how tuning the laser emission wavelength, by
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changing the temperature setpoint of the laser TEC, alters the position of the absorp-
tion troughs on the intensity modulation signal, shifting the absorption troughs "up" or
"down" the modulation waveform. As a direct result of this, for a given absorption line
there is a wavelength, and hence temperature setpoint at which the time period between
the forward and reverse sweeps over the gas line is exactly equal to half the time period
of the laser modulation. To a first order, at this temperature, the central wavelength of
the laser modulation is exactly equal to the absorbance line wavelength, however in the
presence of higher order harmonics in the wavelength modulation there will be a small
offset in the absolute centre wavelength. As the harmonics have a fixed amplitude and
phase, this offset will remain static throughout, therefore for explanation purposes it will
be neglected for now.

By comparing the difference in the times at which the two peaks occur, 75 to half the
modulation period 77/, an error value can be calculated and a temperature setpoint
adjustment can be applied. The error amplitude 77,, — 75 is a bidirectional value, and
can be positive or negative as necessary, which makes it suitable for use in a control
circuit as the error amplitude signal. This process, and the resultant absorbance for two
different temperature set points are shown in Fig. demonstrating conditions where
the central emission wavelength is offset from the absorption line, and where the central
emission wavelength is locked to the absorption line. Here, the fitting results for both
the intensity modulation sine waveform and the Voigt fits of the absorption peaks are
also shown.
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FIGURE 6.5: (a) Photodetector signal for a wavelength modulated laser
diode passing through a gas cell with fitted intensity correction in the case
where the stabilisation system is unlocked (b) Resultant absorption signal
for the unlocked condition showing Voigt fits applied to the relevant peaks
(c) Photodetector signal for a wavelength modulated laser diode passing
through a gas cell with fitted intensity correction in the case where the sta-
bilisation system is locked (d) Resultant absorption signal for the locked
condition showing Voigt fits applied to the relevant peaks
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Fig.|6.5| demonstrates two examples of the locking process using photodiode data from
a wavelength modulated 1520 nm laser diode passed through an acetylene gas cell with
a pair of absorption peaks for each single absorption line within the range of the wave-
length modulation. These occur at visibly different "heights" in the recorded intensity
modulation, due to the offset, previously mentioned, between the intensity modulation
and the wavelength modulation.

Figs. a) and (b) show an unlocked example, where the temporal separation of the
two peaks is greater than half the laser modulation period. In this case, a temperature
setpoint correction would be applied to bring the peaks closer together. In addition, a
second pair of peaks with a lower amplitude can be seen, indicating that the laser emis-
sion wavelength is being modulated across a second gas absorption line wavelength. In
the locked case shown in Figs. [6.5(c) and (d) the temporal separation is exactly half the
laser modulation period so no temperature correction needs to be applied to the laser
diode. Notably, in the uncorrected signals shown in Figs. |6.5(a) and (c), the position of
the peaks appear at different "heights" in the intensity modulation in the forward and
reverse sweeps. This is a result of the phase offset between the intensity modulation
which is the visible sine wave in the photodiode waveform, and the wavelength mod-
ulation which is not visible, discussed earlier. Once the sinusoidal correction has been
applied, as in Figs.[6.5(b) and (d), the intensity modulation becomes irrelevant, and only
the wavelength modulation defines the peak positions.

To determine the temperature setpoint change required to adjust the central laser emis-
sion wavelength to equal the absorption line wavelength, a secondary control loop, in-
dependent of the laser TEC control loop, is applied to the output of the process shown
in Figl6.5| Using a standard proportional-integral controller, the temperature setpoint
is adjusted in discrete steps. In order to avoid competition with the laser TEC which
operates at a bandwidth of 20 Hz, this stability control loop operates on a much slower
time-scale of 0.05 Hz which is appropriate for the intended application of long-term sta-
bilisation. In this technique, the photodiode data is averaged over a full 10 seconds of
the laser modulation and the peak-difference algorithm is applied to the result. In or-
der to avoid averaging data where no change has yet occurred due to stability control
loop delay or where the laser TEC is updating the temperature of the laser, alternate
outputs from the algorithm are disregarded and no temperature setpoint update is sent
to the laser diode, illustrated in Fig. Whilst this effectively doubles the time period
of the stabilisation control loop, it also ensures that the stabilisation control loop is only
receiving "true’ values to make adjustments, and avoids oscillations due to competition
between the two control loops.
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FIGURE 6.6: A demonstration of the crossover between sampling and the
setpoint adjustment period.

Fig. [6.6|illustrates how the processing and temperature setpoint adjustment time is ac-
commodated in the stabilisation system. Notably, alternate processed outputs are dis-
missed with no setpoint adjustment where the sampled data overlapped with setpoint
adjustments.

6.3 Experimental Work

This section presents work developing an experimental setup for research and testing
into the novel swept absorption line locking technique presented in this chapter. Firstly,
the principle behind these experiments is presented, followed by explanation of the prac-
tical setup. Following this, the specifics of this implementation of the swept absorption
line locking technique are presented.

6.3.1 Experimental Principles

The typical procedure for demonstrating stability of a laser emission wavelength or fre-
quency stabilisation scheme is to interfere the laser emission locked using the stability
technique under test, with the emission from a highly-stabilised and well calibrated laser
source. In this case however, lasers with a wide wavelength modulation regime such as
those targeted by this stabilisation technique, cannot be easily compared directly with a
static wavelength emission source, as the modulation frequency of the modulated laser
diode dominates the beat note frequency spectrum. Instead, in these experiments, an
interferometric setup is interrogated and the phase change as measured by the interfer-
ometer is used as a measure of stability.

In ideal conditions, the only contribution to phase change 6 is the change in emission
wavelength, however in practice, environmental effects such as thermal drift and ther-
mal expansion of components will also contribute to measured optical phase changes.
To reduce the effect of these in the following experiments, the interferometer is placed in
a temperature controlled environment and steps are taken to reduce any other environ-
mental effects on the interferometer. The assumption is then made that any remaining
measured phase changes are strictly a result of the laser emission wavelength drifting.
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With these assumptions, the effective interrogation wavelength A4 of the modulated
laser diode, for an optical path difference can be calculated using Eqn. [6.6|below.

L
A = Ao <1 + ) where ny = — (6.6)

27tng Ao

Here, A is the wavelength of the stability reference, or the expected laser emission wave-
length. It is typically convenient, as discussed in Chp. 3} to present the uncertainty in
wavelength and frequency in terms of fractional uncertainties, which can be calculated
as;

U'fruc - )\Eﬁ — /\O

T (6.7)

6.3.2 Experimental Setup

In order to test the stabilisation technique, a setup was devised that uses range-resolved
interferometry (RRI) to interrogate a simple Mach-Zehnder interferometer with a no-
tional path length. This is achieved using the 1.2 kHz RRI Stabilisation Development
Platform discussed in Chp. 4} Sec. £.3] which allows for flexible application of the RRI
signal processing and swept absorption line locking technique, synchronised to one an-
other and was developed explicitly for this work.

The optical path length of the interferometer is designed such that the range in radians,
used to determine the phase carrier amplitude in RRI, is approximately in the middle of
the measurement range of the signal processing hardware, where effects from the lower
limit 1/f noise and the upper limit Nyquist frequency/filter roll-off are minimal. For
implementation 3, the maximum measurable optical path difference is approximately
130 mm allowing for some roll-off due to low-pass filtering, so for this experimental
setup, the interferometer is created with an optical path difference of 60 mm.

From the laser diode, the light is split into two separate paths, one arm of which is passed
through a fibre-coupled acetylene gas cell (Wavelength References 12C, H, at 50 Torr with
3 cm path length [173]) and is incident on a photodetector. The other arm is guided
through the fibre-based Mach-Zehnder interferometer and is incident on a separate pho-
todetector. The outputs of both photodetectors are sampled by electronic signal process-
ing hardware which also controls the laser modulation and TEC temperature setpoint.

To reduce the effect of thermal instability between the interferometer arms, which as
mentioned would also contribute to measured phase changes, both arms of the interfer-
ometer are fixed within an ice bath. In addition, two water pumps are used to create
circulation in the ice bath, and the entire ice bath is placed within a thermal chamber.
The thermal chamber is a Votsch VIM7004, with a temperature range of -70° to +180°
with both heating and cooling capabilities, and a temperature uncertainty of up to 0.5°C.
This setup is shown in Fig.
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FIGURE 6.7: A schematic of the setup used in these experiments. The
interferometer arms within the ice bath are affixed to an aluminium plate
which is not shown.

Fig.|6.7|shows a schematic of the experimental setup used in this paper. Notably, the sen-
sitive region of the interferometer is affixed entirely in the ice bath. The thermal chamber
temperature is set as close to the water freezing point as possible so that fluctuations of
the thermal chamber temperature, due to the heating and cooling cycles of the thermal
chamber control loop, fluctuate either side of the freezing point. Here the goal is that the
temperature of the ice bath remains as stable as possible, making use of the latent heat of
the phase change between water and ice to reduce the effect of fluctuations of the thermal
chamber. The efficacy of this approach is discussed in sec. where experimental data
is shown. The water pumps in the ice bath create circulation of the water, which helps
to homogenize the temperature of the water throughout, reducing any temperature dif-
ferential between the two arms of the interferometer. This is aided by an aluminium
plate, with high thermal conductivity, to which the interferometer within the ice bath is
affixed, to reduce any motion effects of the water on the interferometric measurements.

6.3.3 Wavelength Stabilisation

In this application of the swept absorption line locking technique, a single-mode fibre-
coupled acetylene gas cell (2CyH,) [173] is used. Acetylene has multiple absorption lines
in the R and P branches, shown in Fig. 6.T|and Fig. [6.8|below, with several lines present
in the wavelength emission range of the modulated laser diode used in this experiment.
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FIGURE 6.8: Absorption data for acetylene gas in the near infrared region
with the absorption line of interest labelled. Data from [170].

Although multiple absorption lines can be swept past through wide temperature tuning
of the laser diode the absorption line of interest, illustrated in Fig. is at 1521.06 nm
(vac). The application of the swept absorption line locking to this peak is shown below
in Fig.[6.9]

Fig. [6.9|shows the swept absorption line locking technique applied to the acetylene gas
absorption line at 1521.06 nm. In Fig.[6.9(a), the averaged photodiode data is shown,
with two clear dips due to absorption, where the wavelength modulation of the laser
sweeps over the absorption line twice, on the forward and reverse sweeps of the wave-
length emission. Also shown is the fitted sinusoid corresponding to the intensity mod-
ulation. Fig. [6.9(b) shows this data with the intensity fitted sinusoidal waveform sub-
tracted, and the values reciprocated to show absorption. After this, peaks are fitted to

both absorption peaks using standard peak fitting techniques, and the period between
them is calculated from the position of the peak centres, in time.
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FIGURE 6.9: Swept absorption line locking process. (a) shows the aver-
aged photodiode data and the sinusoidal intensity fit. (b) shows the ab-
sorption after the intensity modulation has been removed.

6.4 Results

6.4.1 Control Loop Tuning

The stabilisation control loop is implemented digitally in the signal processing with
the signals from the photodetector directly input via the analogue-to-digital converter
(ADC). After the signals have been analysed using the technique described above, the
required temperature setpoint change is passed as input to the P-I control loop. The tem-
perature setpoint output from this control loop is encoded and sent as a serial command
to the laser TEC.

As part of the control loop design, interactions between the P-I stabilisation loop and
the laser TEC control loop have to be carefully managed to avoid accidental feedback
loops between the two. The in-built TEC control loop is designed to maintain the laser
temperature at the given setpoint with a control loop rate of 20 Hz, thus the stabilisa-
tion loop should operate at a significantly slower rate to avoid conflict. As the intended
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application of this control loop is long-term stabilisation as discussed in Sec. |6.1{ where
the expected disturbances occur over periods of several hours, an update rate of 20s or
0.05 Hz is more than reasonable. Whilst the PID control loop tuning of the TEC control
loop can be automatically calibrated using the in-built function, the control loop param-
eters of the stabilisation loop require additional consideration. To investigate the ideal
parameters, an experiment was performed where the TEC temperature setpoint is offset
from the "locked" temperature by 1°C. For a given set of parameters the control loop
was allowed to re-establish the "locked" condition using temperature setpoint updates,
and the phase change seen in the interferometer are recorded over a period of five min-
utes, shown for various tuning parameters in Fig. Here, the parameters of interest
are a general scale factor A, and the two control loop parameters corresponding to the
proportional factor P, and the integral factor I. The test parameters were decided by
trial-and-error, where subsequent trials were performed until two key criteria were met.
Firstly, the locking condition should be met within the five minute recording period, and
secondly there should be minimal overshoot of the locking condition.
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FIGURE 6.10: Measured phase changes during control loops as it re-
establishes the locked condition, with a range of control loop parameters.

Fig. shows measured phase change measurements for a range of control loop pa-
rameters. There are evident phase steps which occur at the 20 s control loop period. On
a shorter time scale, peaks and troughs corresponding to the TEC control loop are visible.
Over the 5 minute recorded timescale, none of the parameter sets with a value of A less
than 0.01 reaches the target setpoint temperature. With a value of I = 0.1, the stabilisation
loop vastly overshoots the locking point, and given a longer recorded timescale, would
likely fluctuate wildly between undershooting and overshooting the target setpoint. The
three most successful parameters are those with I values between 0.01 and 0.05. Here,
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the stabilisation loop rapidly approaches the target setpoint without significant over-
shoot and remains locked at the target setpoint after reaching it. For the purposes of
locking to and remaining fixed at a target setpoint, parameter values of P=1and I = 0.01
seemed appropriate, and were used in the following experimental work.

6.4.2 Temperature Drift Compensation

In order to isolate the effect of wavelength drift from other environmental effects that
similarly alter the apparent optical path difference between the interferometer arms,
and hence cause a phase change, as discussed in sec. [6.3.2] the interferometer is fixed
on a platform within a thermal chamber. To verify the impact of environmental effects
on the interferometer, experiments were performed of extended phase measurements for
a series of conditions. Here, the effect of open exposure of the interferometer to air on
the measured phase is compared to the effect when the interferometer is submerged in
a water tank at a set temperature, and the effect when the interferometer is submerged
in the water tank at a set temperature with the addition of small ice chips. To accurately
reflect the expected conditions during a measurement, the stabilisation loop is also run-
ning. The results of phase measurements of the interferometers in these conditions are
recorded over a time period of one hour and are shown in fig.
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FIGURE 6.11: Phase change measurements of a Mach-Zehnder interfer-

ometer, secured to a aluminium plate, in varying conditions. These are;

exposed to air, submerged in water and submerged in water with the ad-
dition of ice chips.

Fig. shows how the three different environmental states directly contribute to phase
changes of the interferometer. For the open-to-air conditions, there is a large, continuous
phase change of -2 rad over the 60 minute recorded period occurring with a periodicity
of ~30 minutes. For the in-water conditions, there is a similar periodic phase change
that occurs with a significantly lower amplitude of £0.5 rad over the 60 minute recorded
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period. This periodic change is consistent with the heating and cooling cycles of the ther-
mal chamber, creating a temperature differential between the two interferometer arms,
causing a change in the effective optical path difference between them and hence a phase
change in the interferometric measurements.

In the case of the interferometer submerged in water, the reduced amplitude of these
oscillations is caused by the higher thermal heat capacity of the water acting as an insu-
lator to the interferometer, so the heating/cooling cycles of the thermal chamber have a
significantly reduced effect on the phase change between the two interferometer arms.
In the environment with both water and ice chips, the water continues to act as a thermal
attenuator with the additional buffer of the specific latent heat of the ice. Theoretically,
a finite amount of the energy added to the system as heat goes towards breaking the
molecular bonds of the ice, which occurs without changing the temperature of the ice.
This creates a window of temperatures within the heating/cooling cycle of the thermal
chamber where a stable temperature of the water and ice, and by proxy the interfer-
ometer, can be achieved. With less temperature differentials created between the two
arms of the interferometer, the cyclic phase changes seen in both the in-air and in-water
environments are significantly reduced in the environments where ice is included in
the water. For the case with added ice, the standard deviation of the measured phase
changes is +0.128 rad over the 60 mm optical path length imbalance between the two
interferometer arms, which corresponds to an uncertainty in the emission wavelength of
7.8x10~* nm which is a fractional uncertainty of 5.1x10~7 or 0.51 parts-per-million.

In theory, this presents water with added ice chips as the optimal conditions, easily
achievable in the lab, to use for the interferometer to create as stable an environment
as possible for laser stability measurements, and these are the conditions used in the fol-
lowing experimental work. However, in practise achieving the setpoint and control loop
settings necessary to maintain the thermal chamber temperature average at the exact
freezing point of the water, such that the thermal energy is continually acting towards
the specific latent heat of the water, is challenging and could be considered unreliable
as it can easily be disrupted by the thermal chamber control loop and temperature feed-
back, losing the ideal conditions. For this reason, for future experimental work, the en-
vironmental state with just water, or water close to the freezing point may be considered
more practical for long-term stability measurements.

6.4.3 Long term drift comparison

In this experiment, measurements of the phase change in the interferometer over an
extended period are compared for cases with (locked) and without (free-running) the
control loop acting on the temperature setpoint of the laser diode. In both cases, the
stability of the interferometer itself is maintained using the setup described above, with
the interferometer maintained in a water bath at freezing point with ice added. The
measured phase changes for both cases are shown below in Fig.
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FIGURE 6.12: Measured phase changes of a Mach-Zehnder interferome-
ter without (free-running) and with (stabilised) the swept absorption line
locking applied.

Fig. illustrates how over extended time periods, the laser emission wavelength can
"drift’ from the initial value, thus causing a measurable phase change in a stable in-
terferometer. In the stabilised measurement, the phase changes drift by approximately
0.17 rad over the 24 hour measurement period, and in the free-running conditions drift
of approximately 0.6 rad is seen. The 0.17 rad drift seen in the stabilised case, and theo-
retically also affecting the free running case by the same amplitude, could be caused by
residual temperature drift within the thermal chamber, as discussed in Sec. Over
24 hours, any variations due to the stability loop are indistinguishable from any resid-
ual temperature changes however, a clear improvement in the stabilised conditions over
the free-running conditions is visible. From the drift in the stabilised case of 0.17 rad,
the fractional wavelength uncertainty can be calculated as ~7.2x10~7 or 0.72 parts-per-
million.

6.4.4 Direct disturbance measurements

In a different experiment using the same experimental setup with the ice bath and tem-
perature chamber, a direct disturbance was applied to the laser diode. After a short pe-
riod of normal operation, a temperature gradient was applied across the laser diode via
a radiant heat source, such that the emission wavelength of the laser diode was slowly
altered. The exact mechanism for this is a temperature differential applied between the
laser diode itself and the sensing thermistor, which is separated by a finite distance from
the laser diode. The thermistor measured by the laser TEC therefore reports the laser
diode is at the temperature setpoint, whereas in reality it is hotter.
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The heat source, in this case a large resistor driven by a high voltage source, provides
a slow continuous disturbance to the laser diode but is not so hot as to damage the
laser diode, and allows the laser TEC to maintain the temperature setpoint of the laser
diode, as measured by the laser TEC. Essentially, the heat source is a method for altering
the emission wavelength of the laser in a pseudo-controlled manner, without requiring
changing of the temperature setpoint of the laser diode. This allows experiments such as
this, where the swept absorption line locking technique is applied to maintain the same
wavelength emission through temperature tuning.

After a period of 15 mins, the high-voltage power supply to the large resistor is switched
on and slowly heats up over a period of 1 hour. After this time, the power supply is
switched off and the resistor begins to cool. This is repeated for both a free-running
and stabilised laser diode, and Fig. shows the measured phase changes in the Mach-
Zehnder interferometer over the total measurement time and the laser TEC setpoint tem-
peratures during this period.
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FIGURE 6.13: Direct disturbance of a laser diode by a continuous, radi-

ant heat source between the indicated 15 and 75 minute marker showing

(a) the phase measurement of a Mach-Zehnder interferometer (b) the ther-
mistor reading from the laser TEC.

From the phase change measurements shown in Fig. a), there is a clear phase drift
in the free-running case of up to 2.14 rad over the 1 hour period of the disturbance be-
ing applied, and 2.5 rad over the full measurement period, caused by the temperature
gradient across the laser diode. In the stabilised case, while there is no visible drift, the
discreet temperature setpoint changes caused by the stabilisation loop are evident, caus-
ing an uncertainty of up to £0.096 rad over the total measurement period corresponding
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to a fractional uncertainty of 3.9x1077. Fig. b) shows how the temperature of the
thermistor as measured by the laser TEC changes over the measurement periods of the
stabilised and free-running disturbance measurements. Notably, in the free-running case
the temperature of the thermistor is largely unchanged, whereas in the stabilised case,
the thermistor registers the change in temperature setpoint that the stabilisation loop has
enforced to counter-act the change in wavelength caused by the thermal gradient.

From these results it is also clear that the stabilisation control loop is still too active at
20 Hz, and this also introduces uncertainty into the measurements. Better tuning of this
control loop could improve this, however the problems of temperature quantification
and a limited sampling resolution, discussed later in this chapter, mean that there is not
a simple solution to this.

6.4.5 Allan Deviation

A common method of defining the stability of a wavelength or frequency stabilisation
technique is to calculate the Allan deviations [174,175] over a range of integration times
T for a stabilised system with some uncertainty value. For frequency or wavelength sta-
bility, typically this is achieved via measurement of the frequency/wavelength of a beat
note created by interfering the emission of the laser of interest with a different highly-
stabilised system with well-known parameters [145]. Here, the system is instead self-
interfered in the Mach-Zehnder interferometric setup discussed previously, and the sta-
bility is derived from the Allan deviation for the phase data shown in Fig. The frac-
tional frequency stabilisation is calculated for both the stabilised and free-running con-
ditions, from the phase data and Eqn. Fig. shows calculated overlapping Allan
deviations [176] for both conditions over an extended measurement period of 24 hours.
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FIGURE 6.14: Allan deviations for a range of integration times for sta-
bilised and free-running conditions.

From the overlapping Allan deviations shown in Fig. two significant differences
can be identified between the stabilised and free-running conditions. At short integra-
tion times, most notably between ~0.01 s and ~0.2 s, the free-running conditions shows
improved uncertainty compared to the stabilised conditions, with an approximate dif-
ference between them of up to ~3x1078. This increase in Allen deviation in the sta-
bilised measurement for these integration times is likely a result of the changes to set-
point temperature prompted by the stability control loop. As the setpoint temperature is
changed, the laser TEC enforces the new setpoint with an update rate of 20 Hz. The sta-
bilised control loop will prompt changes of a higher amplitude than the laser TEC in the
free-running conditions, which can often cause brief overshoots and fluctuations in the
laser temperature on timescales of fractions of a second, illustrated by the measurement

shown in Fig.

The second significant difference occurs for integration timescales of ~10° s, where the
measurement in stabilised conditions show improved stability with a difference of up to
~5x1078. This is the result of the reduced long term drift of the laser emission wave-
length that this technique aims to address, visible in Fig.

In terms of the individual performance of the stabilisation loop, these results demon-
strate better than 0.1 parts-per-million uncertainty, with fractional wavelength uncer-
tainty as low as ~5x1078 for integration times between ~2x10% < T < ~6x10%. For a
lower integration time of T ~0.5 s, a fractional wavelength uncertainty of ~2x1078 or
20 parts-per-billion is shown.
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6.5 Discussion and Future Work

The results from the first experiments using this technique, presented in this chapter,
show the stability that can be achieved by the developed swept absorption line locking
technique. Firstly, the results of the comparison of environmental conditions within the
temperature chamber provides an upper limit on the uncertainty achievable experimen-
tally. Theoretically, the experimental limit on the uncertainty achievable by the work is
defined by the phase change due to temperature fluctuations across the interferometer.
In this experiment, this limit is found from the standard deviation of the phase in the
"Water and Ice’ conditions, and is calculated as +0.128 rad over the 60 mm sensitive re-
gion of the interferometer. Using the assumptions that the optical path length between
the two remains unchanged, and it is only the effective optical path length changing as a
result of a change in emission wavelength, the wavelength uncertainty can be calculated
as 7.8x10~* nm which is a fractional uncertainty of 5.1x10~7 or 0.51 parts-per-million.

The experimental results for long-term measurement of the phase drift highlights that
the wavelength stabilisation of interest is on significant length timescales, upwards of
hours, as apposed to short-term, linewidth reducing stabilisation. The measured phase
drift of £0.17 rad equates to, for the 60 mm interferometric path length in this ex-
periment, an uncertainty in the wavelength emission of 1.08x1073 nm equivalent to
a fractional uncertainty of 7.2x 1077 or 0.72 parts-per-million. When the Allan deviation
is considered however, uncertainty as low as ~5x107® for integration times between
~2x10% s and ~6x10° s, reaching as low as 6x1078 or 6 parts-per-billion at ~3x10° s,
can be seen. For first experiments, this is close to the stability achieved with existing
techniques in non-modulated regimes, discussed in Chp. 3} and offers promising scope
for improvement.

One cause for the uncertainty in phase, may be the discrete phase jumps caused by tem-
perature setpoint updates, which are highly visible in Fig. in each of the control
loop parameters. There are two principle effects occurring at each discrete temperature
setpoint update; there is the step itself, caused by the calculation of a new temperature
setpoint and the laser TEC control loop operation. In the discrete setpoint operation, the
parameters could be further tuned such that the temperature setpoint updates made are
more continuous, updating in significantly smaller steps but at the trade-off of longer
time to lock to the main locking condition. The second phase noise source in the con-
trol loops originates from the laser TEC control loop. Visibly in Fig. there is over-
shooting of each temperature setpoint, which is caused by the internal parameters of
the laser TEC. Beyond an initial autotune programme to automatically detect the con-
trol loop PID parameters, changing these parameters was outside of the scope of these
experiments, but future work could consider investigating whether there is potential for
reduced phase uncertainty if the laser TEC parameters are fine tuned.

An alternative potential for uncertainty in the stabilisation loop arises from the hard-
ware limitations of the development platform. The National Instruments (NI) develop-
ment platform and analogue-to-digital converter used in these experiments, discussed
in Chp. 4} Sec.[4.3} has a maximum sample rate of 597kHz, which for a 1.166kHz modu-
lation frequency whilst allowing base-2 modulation waveform sizes, limits the samples
per modulation period to 512. Interferometrically, the implications of this are discussed
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in Chaps. @ and E] respectively, however from a stabilisation standpoint, this limits the
resolution of each of the absorption features, and increases the uncertainty in the fitting
of the peaks to each of these. Future developments of this system could make use of sig-
nificantly faster sampling rates to both increase the modulation frequency, and increase
the sampling resolution of the absorption features.

Moving beyond these experiments, considerations for future improvements to this tech-
nique can be made. While hardware improvements have already been discussed, one
important aspect of this technique is that fundamentally, the ability of any stabilisation
technique to accurately lock to a known absorption feature, is the linewidth of that fea-
ture. In the case of the acetylene cell used in these experiments, the full width half max-
imum (FWHM) of the 1521.06 nm is stated in the literature [170, 177] as 7 pm, however,
easily accessible Doppler-free absorption features in different absorbers , such as the Ru-
bidium D-lines, could be used to reduce this even further. However, this would require
a change to a different laser emission wavelength using a different laser diode, as well as
any wavelength-dependant optics, to match the wavelength of the new absorption lines.

6.6 Summary

In this chapter, a novel technique for stabilisation of widely-wavelength modulated
lasers, where the modulation depth is several orders of magnitude is greater than typi-
cal wavelength references, is presented for long-term stabilisation applications. Linked
to the typical stabilisation process presented in Chp. 3} the novel stabilisation technique
is first outlined, using an atomic gas reference cell with an absorption feature within
the modulated wavelength emission of the laser. In this technique, the modulated laser
emission is passed through the atomic gas cell, and the signal is measured on a photode-
tector. Where an absorption feature is present in the modulated wavelength emission
range, two dips in the photodetector signal are visible, notably arising from the same
absorption feature. After removal of the intensity modulation waveform, the time dif-
ference between these two peaks can be used to determine the correction to apply to
the central wavelength emission wavelength, which is achieved through temperature
tuning of the laser diode.

Using the developed stabilisation technique with an acetylene reference cell, applied to
a widely-wavelength modulated laser used in range-resolved interferometry, measure-
ments were performed of phase changes in a Mach-Zehnder interferometer. Using a
temperature control chamber and submerging the interferometer in an ice bath, phase
changes due to temperature gradients across the interferometer arms were suppressed,
reducing the expected phase changes due to changes in only the laser wavelength emis-
sion. Thus, the measured phase in the interferometer could be used as a measurement
of the stability of the system and therefore could be used to characterise the developed
technique. Recording phase changes over an extended measurement period showed im-
proved stability between the free-running (no stabilisation loop) and stabilised measure-
ments, with a fractional wavelength uncertainty calculated from any remaining phase
drift of ~7.2x1077. In another experiment, a direct disturbance was applied to the laser
diode itself, in the form of a temperature gradient applied between the laser diode and



6.6. Summary 145

the sensing thermistor, causing a change in the laser emission wavelength. In these re-
sults significant improvement in the stabilised measurements over the free-running mea-
surements, showing fractional wavelength uncertainty of ~3.9x10~7. Further to this,
Allan deviations were calculated for both the free-running and stabilised measurements
over an extended measurement period. While the free-running case showed higher sta-
bility at shorter timescales (< 0.2 s), at longer timescales (> 10° s), which is the target
timescale for this stabilisation technique, improved stability in the stabilised measure-
ments was shown. Here, fractional wavelength uncertainty as low as ~5x10~% for inte-
gration times T between ~2x10° < T < ~6x10° were achieved.

These results demonstrate that the stabilisation technique is effective in improving the
long-term stability of widely-wavelength modulated lasers, such as is used in range-
resolved interferometry. Compared to the existing techniques presented in Chp. 3, where
fractional stabilities over long timescales ranged from 10~ to 10712, this developed tech-
nique still has room for improvement in order to be directly competitive with existing
techniques, however the experimental work presented represents only a first attempt at
developing this novel stabilisation technique, and has clear scope for improvement in a
number of areas, which are discussed in Sec. of this chapter. Further work, directly
comparing this technique to a highly-stable single frequency HeNe laser can be found in

Chp.
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Chapter 7

HeNe Laser Interferometer
Comparison

This chapter describes the principles and preliminary experiments comparing a highly-
stabilised helium-neon (HeNe) laser to a widely-wavelength modulated laser diode with
wavelength stabilisation performed using the developed stabilisation technique in this
thesis. Firstly, the principles and motivation behind this work are discussed, followed
by discussion of the experimental setup used in this work, including the interrogation
hardware and optical setup. This is followed by discussion of the initial experimental
results, including analysis of the major sources of uncertainty in the results. Finally,
discussion is given to the conclusions that can be drawn from these results as well as
possible future extensions to both these experiments and this principle.

7.1 Principles and Motivation

The stabilised, single frequency HeNe laser is often considered the "gold-standard" for
laser metrology applications, as a result of the inherently high coherence length, low
power and the continuous, visible output it provides. It also has an inherently narrow
emission linewidth with high absolute stability with a well-known wavelength which
makes it extremely advantageous for a wide range applications. Because of this, it is an
excellent candidate for assessment of the capabilities of the novel stabilisation technique
discussed in Chp. [} Applying the developed swept absorption line locking stabilisation
technique to a widely-wavelength modulated laser diode and using range-resolved in-
terferometry (RRI), measurements can be made of a linear stage displacement and using
standard fringe-counting techniques, the same displacement can be measured using a
HeNe laser and direct comparison between the two can be undertaken.

In principle, this would allow for analysis of the RRI signal processing, specifically
whether it correctly determines accurate phase changes, or whether is systematic un-
der or over counting of fractions of each 27 interval. This would accumulate and lead
to inaccurate measurements of phase and therefore displacement. Furthermore, a com-
parison between the widely wavelength modulated laser diode and the stabilised HeNe
could be used to compare the true evaluation wavelength of RRI. In the work presented
until now in Chps. [fland [6| and in the literature [155H159], the evaluation wavelength
has assumed to be the centre of the wavelength modulation sine wave, however this
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may not be accurate if the wavelength response from the laser driver is non-linear, and
in principle this comparison should allow verification of this.

7.2 Experimental Setup

In order to compare a laser stabilised using the developed stabilisation technique with
a highly-stabilised HeNe, an experimental setup was devised whereby each technique
would measure the displacement of linear motion stage via the same optical path. This
section discusses the experimental setup used to achieve this, starting with the optical
setup, followed by description of the interrogation hardware, first discussed in Chp.
Sec. .3 of this thesis.

7.2.1 Optical Setup

The optical setup for these experiments, shown schematically in Fig.|7.1| consists of the
two lasers combined and fibre-coupled into a free-space Michelson interferometer, the
output of which is then separated and directed to photodetectors. Light from a 780 nm
diode laser first passes through a fibre-coupled isolator, and then is split via a 90:10
ratio coupler into measurement and stabilisation arms. The stabilisation arm briefly
collimates the light to pass in free-space through a sealed rubidium cell, before recou-
pling the light back into fibre and onto a silicon (5i) photodiode. The measurement arm
connects to a two-color wavelength combiner/splitter. The 633 nm HeNe contains an
in-built isolator, so the laser emission is directly coupled into the same combiner and the
output is connected to a reflective collimator which serves as the input to the Michelson
interferometer.
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FIGURE 7.1: Schematic of the optical setup used for displacement mea-

surements of linear stage motion using a Michelson interferometer inter-

rogated with a 633 nm HeNe laser and a 780 nm diode laser. Notably the

780 nm laser diode has an additional branch for application of the stabili-
sation technique

The Michelson interferometer is comprised of the reflective collimator, which emits light
towards a beamsplitter, splitting the incident beams towards a fixed, planar reference
mirror, and a retroreflector mounted on a linear stage. The returning beams are directed
towards a second reflective collimator which serves to re-couple the light into the op-
tical fibre. The coupling out of and into the fibre portions of this setup are specifically
performed using reflective collimators, so that there is no wavelength dependency that
would cause changes in the optical paths taken by the two different wavelength lasers.

After re-coupling into fibre, the light is directed into an identical two-colour wavelength
combiner /splitter as previously, but in reverse such that light is split in a wavelength-
discriminate fashion back into two arms. Each of these arms is then incident on Si pho-
todetectors, the outputs of which are measured and recorded separately. All of the fibre-
components in this setup are single-mode at the wavelength of both lasers and the bulk
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optic beamsplitter has a broadband optical coating that maximises the transmission of
light at both wavelengths of interest. This combination of reflective collimators, single
mode fibres and appropriately coated bulk optic components, is specifically designed so
that the beams from both lasers are as co-linear as possible and thus measure the exact
same displacement of the linear stage. The bulk optics of this experimental setup are
shown in the photo in Fig. and the in-fibre components leading to the bulk optics
from the lasers are shown in Fig.

léf’,ﬂfﬁf;ﬁrs Retroreflector

/N
A\

Linear
Planar Cube &
Mirror Beamsplitter lg/{ggeo n

FIGURE 7.2: Photo of the bulk optic Michelson interferometer used in the
HeNe comparison experimental setup with key components labelled.
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FIGURE 7.3: Photo of the in-fibre components leading to the bulk optic in-
terferometer from the laser diodes in the HeNe comparison experimental
setup with key components labelled.

7.2.2 Interrogation Hardware

Two distinct lasers are used in this setup, the first being the stabilised HeNe laser and
the second being the laser diode capable of wide wavelength modulation used for RRI.
The first of these is a highly-stabilised single frequency HeNe laser from SIOS (SL04/A)
which emits at a wavelength, in vacuum, of 632.991234+0.0002 nm with a stability
of ~ 5 x 108. The second laser used for RR], is the Eagleyard distributed feedback
(DFB) laser diode (EYP-DFB-0780-00010-1500-BFY12-0005) with a central wavelength of
780 nm discussed in Chp. [ Sec. For the purposes of signal processing, the National
Instruments development platform was adapted to perform simultaneously the modula-
tion of the laser injection current for the RRI laser and recording of photodetector signals
from 3 separate sources; the HeNe laser, the RRI laser and the stabilisation system. In
addition, the stabilisation technique described in Chp. |§| is implemented alongside, to
actively stabilise the RRI laser through temperature tuning. The specifics of this hard-
ware are discussed in Implementation 4 of Chp. [ Sec. and a schematic of this setup
is shown in Fig. This interrogation hardware performs modulation of the laser injec-
tion current synchronous with recording of both the HeNe and RRI photodiode signals
and stabilsation of the RRI laser diode. Whilst the stabilisation is performed continu-
ously in real-time, the signal processing and analysis of the measurement data from the
RRI and HeNe lasers is performed offline after recording, not in real-time.
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FIGURE 7.4: Schematic of the hardware used for comparison between a
633 nm HeNe and a stabilised 780 nm diode laser

7.2.3 Stabilisation

As previously mentioned, the widely modulated laser diode is stabilised using the swept
absorption line locking technique introduced in Chp.[6} To achieve this, a split beam from
the laser diode is passed through a gas cell containing rubidium (Rb) vapour comprising
of rubidium 85 and rubidium 87 in their natural abundances, 72.2% and 27.8% respec-
tively . As shown in Fig. [7.5| which shows a typical absorption spectrum for rubidium
gas vapour, there are multiple absorption features present at the the typical emission
wavelength of the laser diode used in this experimental setup (~ 780 nm).

(a) (b)

FIGURE 7.5: (a) Energy level diagram of the rubidium D-line transitions

and hyperfine ground state structure. (b) Absorption spectrum for rubid-

ium vapour in nominal conditions. The energy level transitions for 8°Rb
and 8’Rb are labelled. Figures adapted from Ma et al.
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Using the swept absorption line locking technique, the widely-modulated laser diode
is locked to the 8Rb D, transition line, which has a peak wavelength value of Ay, =
780.0268 nm [179, 180]. The process for locking to this absorption feature is as discussed
in Chp.[6} and is illustrated in Fig. [7.6|below.

Fig. [7.6(a) shows a modulation period of the photodiode signal, averaged over a 10s
modulation period. Also shown is the fitted sinusoidal waveform used to remove the
intensity modulation, treating the fitted sine wave as the original intensity of the emitted
beam. Fig.[7.6(b) shows the absorption signal, normalised after the intensity has been re-
moved. From the difference between the periodicity of the dominant absorption line on
the forward and reverse sweep of the laser and half the modulation period, if necessary,
a laser temperature setpoint change is applied via serial communication to the laser TEC.
At an update rate of 0.05 Hz, this process in synchronisation with the laser modulation
and in parallel with the interferometric signal recording.

In contrast to the acetylene reference absorption lines which had a FWHM linewidth
of ~ 500 MHz in nominal room temperature conditions [181], the rubidium absorption
lines are naturally narrower, offering FWHM linewidths of ~ 6 MHz for the natural,
Doppler-broadened transitions [179,/180]. This allows for lower uncertainty in the locked
condition of the stabilisation system which in turn reduces the wavelength emission
uncertainty. Notably there is also 4 rubidium absorption lines within the modulation
of the laser wavelength emission, illustrated by Fig. [7.6(b), compared to the 2 acetylene
absorption lines previously within the modulated laser wavelength emission. As in the
previous case, the absorption line of interest is also the strongest absorption line, so this
pair of peaks is used to achieve the locking condition in the stabilisation technique used
in this work.
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FIGURE 7.6: (a) Average photodiode signal and fitted sinusoidal intensity
waveform (b) normalised absorption signal for the averaged modulation
period

7.3 Experimental Method

Using the experimental setup described above, measurements were performed of linear
stage motions over 10 mm using both the HeNe laser and the modulated laser diode
simultaneously. The modulated laser diode is stabilised using the swept absorption line
locking technique introduced in Chp. [6] but all other signal analysis is performed in post-
processing. In this section, the signal analysis for both the HeNe and modulated diode
laser is discussed.

7.3.1 Signal Analysis

In order to achieve the most accurate comparison possible between the two techniques,
the signal analysis is particularly important. Here, the two signal processing steps of
both sets of data are discussed, followed by discussion of how these two sets of data are
then compared.
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HeNe Signal Processing

To determine displacement from the HeNe interferometric signal, raw fringe counting
methods are applied, without signal processing. The HeNe photodetector signal, for a
linear stage movement at a constant velocity, consists of a series of fringes where each full
fringe represents a change in displacement of 27t rads, which is equal to a displacement
of one full wavelength of the laser emission. The simplest analysis possible is therefore to
count the number of full fringes that are swept past during the stage displacement. More
precise measurement can be achieved via interpolation of the full fringes to calculate
sub-wavelength displacements. As mentioned previously, synchronising the starts of the
analysed sections of the HeNe and RRI signals is paramount for accurate comparison,
so a slower initial stage motion is used. This creates slower moving fringes, and allows
for a more informed decision of where the first full fringe begins, which is manually
selected as the start of the HeNe signal. For simplicity’s sake, the mean of the data is
subtracted from the data, such that each fringe crosses through zero, and every other
zero crossing can be considered as one complete fringe. By looking for changes in sign,
and interpolating between the two data points either side of zero, zero crossing values
can be determined. However there can appear to be multiple zero crossings for each
true fringe, caused by signal noise. To account for this, a threshold is created which
dynamically detects each cluster of zero crossings and averages these into a single zero
crossing for each fringe. The results of this process is illustrated in Fig.
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FIGURE 7.7: A sample of a HeNe photodetector data showing all of the
zero crossings and the averaged ’true’ zero crossings

An alternative to this threshold calculation is to perform a rolling average on the data
before calculating zero crossings. For an appropriate averaging length, this has the effect
of removing a significant proportion of the noise and reduces the number of false zero
crossings. After the "true’ zero crossings have been calculated, at the end of the displace-
ment signal the last full fringe, and therefore zero crossing, is manually selected and the
number of zero crossings is summed.
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RRI Signal Processing

For the RRI signal processing, the technique is the same as discussed in Chp.[#with some
minor caveats related to the synchronisation of the two techniques. In RRI the position
of the window function (either singular or dual) is centred on the highest frequency
components of the interferogram for the most precise demodulation. For simplicity of
demodulation, the start of the first waveform is typically selected such that the windows
lie at 90° and 270° respectively, and the resultant phase value is considered to be at the
average time of the waveform, i.e. at 180°. As a result of these practicalities, it is unlikely
that the manually selected first full fringe of the HeNe signal occurs at the exact same
time as an RRI phase value.

As a result, the RRI phase is calculated for the modulation periods either side of the
HeNe zero-crossing, and a linear interpolation is applied between them to calculate the
RRI phase at the time of the HeNe zero-crossing. This concept is illustrated in Fig.
for a small sample of a HeNe signal and zero crossing, with the synchronised sample
RRI signal. This interpolation results in a static uncertainty in the initial phase of the RRI
signal processing, which is discussed further in Sec.[7.4.3|
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FIGURE 7.8: Illustration of the uncertainty in the initial RRI phase for two
modulation periods, marked by ’{” and '}’ (a) shows a series of normalised
RRImodulation periods with the synchronised HeNe signal and the HeNe
zero crossing (b) shows the resultant phases calculated using RRI (red X),
with the interpolation between the two shown as a dotted line. The inter-
polated phase value at the time of the HeNe zero-crossing is then shown
as a black X, with relevant error bars showing the uncertainty in this value.

This process is also applied to the last HeNe zero-crossing point, interpolating between
the phase values for the RRI modulation periods either side for the phase value at the
last HeNe zero-crossing.
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Wavelength Estimation

Assuming that all the HeNe fringes are recorded and the correct zero-crossings are iden-
tified, and that the RRI interferometric signals are correctly demodulated, the measured
phase changes 6 from both techniques can be used to calculate the displacement of the
linear stage, d, using the interrogation wavelength, A.

0 1
d= E/\ X3 (7.1)
where the additional factor of 1/2 is due to the measurement of the mirror displacement
by reflection, thus doubling the measured optical path change. In this experiment, the
HeNe interferometric measurement is accepted as the true value measurement, owing
to the reasons discussed at the top of this chapter, but within the limitations of the un-
certainties discussed further later on.

By virtue of the near identical optical paths there is a reasonable expectation that the dis-
placements measured by both techniques are equal, and therefore the evaluation wave-
length Aggr of the widely-modulated laser diode can be calculated by;

47td
ARRI = oo— (7.2)
RRI

or alternatively, using the calculation of displacement from the HeNe laser;

0 A
ARRI = 7&2’;?61\]6 (7.3)

Therefore, from the measurements of phase from each technique along with the evalua-
tion wavelength of the HeNe laser, the evaluation wavelength of the widely-modulated
laser diode can be calculated.

7.4 Results

7.4.1 Experimental Results

Using controlled motions of a Thorlabs linear stage (Thorlabs DDS600/M), the stage
was moved in a series of fixed displacements and the interferometric signals for both the
HeNe laser interferometer and the widely-modulated laser diode interferometer were
recorded. The stage motions were considered with the limitations of the interrogation
hardware in mind, discussed in Sec. of this chapter, so were limited to a maximum
displacement of 150 mm and a maximum velocity of 0.13 mm/s. Initially, a test case
measurement of a 10 mm displacement at a velocity of 0.015 mm/s was recorded, as
well as measurements for a range of displacements up to 150 mm, at higher velocities.
As discussed in this section however, significant mechanical noise from the stage causes
issues in the analysis of the HeNe interferometer, which is exacerbated at higher veloc-
ities as the fringe frequency approaches the mechanical vibration frequencies and the
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stage velocity approaches the resonance conditions of the stage. For this reason only the
10 mm stage motion has been fully analysed below.

10 mm Stage Motion

The linear stage is moved 10 mm at a velocity of 0.015 mm/s in a single motion and the
interferograms for both the HeNe laser interferometer and the widely modulated laser
diode interferometer are recorded. Samples of both of these interferograms are shown
in Fig.[7.9 where the HeNe signal has had a rolling average of 500 samples applied.
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FIGURE 7.9: Samples of interferograms for (a) a HeNe interferometer
with a rolling average applied and with zero-crossings marked (b) widely-
modulated laser diode interferometer.
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Fig. a) shows the rolling average (500 samples) for a sample of the HeNe interfer-
ogram during the linear stage motion along with the calculated zero-crossings of the
signal. For the same sample period, Fig.[7.9(b) shows the widely-modulated laser diode
interferogram over a shorter time-frame, with a zoomed inset showing several modula-
tion periods.

For a simple linear motion, an ideal HeNe interferogram should appear as a series of
clean fringes, whose spacing depends on the speed of the stage. Fig.[7.9(a) however
shows that even with a rolling average applied, there is one or more sources of noise
causing the HeNe signal to "jump" around, which is creating false zero-crossings. As
the determination of the phase change using the HeNe laser relies on accurate count-
ing of the full fringes, these false zero-crossings will cause significant disparity between
the true displacement and the measured displacement. To examine the source of noise
further, the fast Fourier transform (FFT) of the HeNe interferogram is taken, shown in

Fig.7.10}
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FIGURE 7.10: Discrete fast Fourier transform of the HeNe fringes after a
rolling average has been applied.

Given a stage motion of 0.015 mm/s, it is expected that the dominant fringe rate for the
HeNe interferometer evaluating at ~633 nm, has a frequency of ~47 Hz. This peak is
evident in the FFT shown in Fig. however the presence of the two peaks at ~255 Hz
and ~350 Hz are likely to be the main components of the additional noise visible in
the HeNe interferogram. To remove these components in this experiment, a low-pass
filter should be sufficient, with the cut-off frequency between ~255 Hz and ~47 Hz. As
this low-pass filter is applied digitally in post-processing, there is no time delay caused
by the filter that needs to be accounted for in the signal processing. Fig. shows the
same sample of the HeNe interferometric signal as previously in Fig.[7.9(a), but low-pass
filtered at 150 Hz.
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FIGURE 7.11: Sample of the HeNe interferometric signal after a low pass
filter at 150 Hz has been applied. The zero-crossings are marked as black
crosses.

Using the improved clarity zero-crossings shown in Fig. the displacement as mea-
sured by the HeNe interferometer can be calculated using Eqn. [7.1|with each zero cross-
ing representing 7t phase change, and using the HeNe emission wavelength of A gene,vac =
632.991234 nm. Using RRI, the widely-modulated laser diode interferometric signal can
be evaluated and the phase change has measured by the two laser interferometer can be
compared, shown in Fig.
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FIGURE 7.12: Phase change measurements over a 10 mm stage motion
from both the HeNe interferometer (green) and widely-modulated laser
diode interferometer (blue)

Fig. shows the measurements of phase from both techniques for a programmed
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10 mm linear stage motion. The gradients of the two lines are expected to vary due
to the different evaluation wavelengths of the two techniques, however the measured
displacements should be identical. Using the full displacement range, and using eqn.
the evaluation wavelength of the widely modulated laser diode was initially calculated
as ~776 nm.

As discussed earlier, given the efficacy of the swept absorption line locking technique
discussed in Chp. [6] there is a reasonable expectation that the calculated wavelength of
the widely-modulated laser will be extremely close to, if not exactly, 780 nm therefore
there is potentially an issue in the analysis process that remains unresolved. A closer
examination of both measurements is therefore required, starting with fitting linear fits
to the data shown in Fig. for both measurements and subtracting these linear fits
from the data points. The residuals after the linear fits have been subtracted from both
measurements are shown in Fig.

200 A
— RRI Linear fit Residuals
— HeNe Linear fit Residuals

Residuals (rad)
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Time (s)

FIGURE 7.13: Residuals of phase measurements for RRI and HeNe phase
measurements after a linear fit of the phase is subtracted from both.

Both measurement clearly exhibit unexpected behaviour, namely the phase skips that
appear as sharp, discreet changes in Fig Starting with the RRI case, the approach to
analysing and where possible, correcting, these phase skips are discussed below.

Phase Repair

In the difference between the RRI measured phase and the linear regression fit of the
same signal, the phase skips notably occur as a multiple of 27r. This gives a good in-
dication that there is an issue occurring in the phase unwrapping, which occurs during
the post-processing of the calculated RRI phase, that is causing erroneous unwrapped
phase values, offset by 27t or a multiple thereof. Closer examination of the unwrapped
phase with the wrapped phase, shown in Fig. [7.14} illustrates the conditions where the
unwrapping process fails.
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FIGURE 7.14: Sample of the unwrapping steps for the RRI phase signal,
with insets showing (i) a successful unwrapping step and (ii) an incorrect
unwrapping step

Fig. illustrates an example of both a successful unwrapping of the phase, shown
in inset (i), and an erroneous unwrapping, shown in inset (ii), that will cause a visible
multiple of 27t phase step seen in Fig. Where the correct phase unwrapping should
cause a series of steps, increasing in value by 27, the failed phase unwrapping causes the
phase to jump either more than 27t or jump in the wrong direction. To correct for these
erroneous unwrappings, an algorithm is run on the data shown in Fig. so that each
subsequent unwrapped value step is 27t more than the previous. Fig.[/.15illustrates how
this unwrapping fix resolves the discrete step issue, allowing for clean unwrapping of
the RRI phase measurements.
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FIGURE 7.15: Sample of the uncorrected and corrected phase unwrapping
of the RRI phase signal
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For the HeNe measurements, the linear fit residuals are more complex to determine the
origin of. Unlike for the RRI residuals, the discrete jumps are not exact integer multiples
of 27, and there is no phase unwrapping performed during the signal analysis. How-
ever, most of the discrete jumps are close to multiples of 7t if not exactly, which indicates
that the errors may occur in the zero-crossing analysis. A closer examination of the HeNe
measurement signal at one of these discrete jumps, shown in Fig[7.16|aids in identifying
the source of these errors.
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FIGURE 7.16: Sample of the filtered HeNe interferometric signal at the
time of a discreet jump in measured phase.

In Fig. it can be seen that where the fringe visibility drops below a certain thresh-
old, the zero-crossing analysis is complicated by increased crossings that may or may
not represent a full fringe. This drop in visibility could be due to changes in the inten-
sity of the interfering beam at the photodetector, however as the interferogram returns
to its original intensity shortly thereafter, this would require a very brief, transient ef-
fect. Alternatively, the drop in visibility may be caused by a temporary slowing of the
stage during the programmed motion, reducing the fringe rate to near-zero very briefly.
This could be due to a spot of increased friction on the stage track, a temporary blip in
the stage servo motors or the control circuit of the stage. Nevertheless, a more robust
analysis function that included fringe interpolation for even very low fringe rates could
potentially significantly improve the zero-crossing analysis under these conditions.

For this experiment however, within the time constraints of the project, developing a
significantly improved zero crossing analysis function was not possible. Instead, the
HeNe phase signal is corrected using the linear fit residuals shown in Fig. The
difference between each residual data point and the subsequent residual data point is
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calculated, where the difference is greater than a threshold of one standard deviation
of the differences, a correction is applied to the HeNe phase signal. For both of the
corrected phase signals, a new linear fit is applied, and the residuals of these fits are

shown in Fig.
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FIGURE 7.17: Residuals of phase measurements for the corrected RRI and
HeNe phase measurements after a linear fit is removed.

The resulting phase signals for both measurements are shown in Fig. Using these
corrected phase measurements and eqn. the evaluation wavelength for the widely-
modulated laser diode is then calculated as 780.09£0.13 nm. The sources and values of
uncertainties related to this value are discussed later in this chapter in Sec.[7.4.3|
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FIGURE 7.18: Corrected phase change measurements over a 10 mm stage

motion from both the HeNe interferometer (green) and widely-modulated
laser diode interferometer (blue)

7.4.2 Experimental Limitations

The original intention of these experiments was to provide a method of direct and ac-
curate comparison between a highly-stabilised HeNe laser and the widely-modulated
laser diode in terms of the stability. This was shown for a short displacement (10 mm)
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at very slow speed (0.015 mm/s), however in practise this is both a very short, and very
slow displacement for realistic applications outside of this very narrow test case. Mea-
surements of both increased displacement and velocity have been performed using this
developmental setup, however there are limitations, some of which such as the mechan-
ical vibrations have already been mentioned, related to both the experimental setup and
the interrogation hardware that have to be considered.

Experimental Setup Limitations

The first limitation on the interrogatable velocities of the linear stage arises from the
previously mentioned mechanical vibrations visible in the FFT of the HeNe interfero-
metric signal, shown in Fig. If the frequency of the HeNe fringes coincides with the
frequency of the mechanical vibrations, it will not be possible to separate the two via fre-
quency filtering as described above. If the mechanical noise is of significant amplitude,
such as in the test case shown in Fig. [7.9(a), spurious zero crossings will be detected,
causing the HeNe evaluation to be inaccurate. With regards to the stage’s velocity, the
solution to this mechanical noise is to either move such that the fringe frequency is sig-
nificantly below the mechanical noise frequency and low-pass filter out the signal of in-
terest, as is done in the 10 mm displacement above, or to move at a substantially higher
velocity such that the fringe frequency is much greater than the mechanical noise fre-
quency. In this case, a high-pass or band-pass filter could be applied to isolate the fringe
signal of interest.

There are also practical steps that could be taken to reduce the mechanical noise present
in the signal. A more robust experimental setup for example, could be used, using a
linear stage with less inherent mechanical noise. The mounting of the retroreflector, as
shown in Fig. may contribute to this. The current mounting is on a post a few cen-
timetres above the stage platform at one edge of the platform, creating a small lever ac-
tion that would amplify stage noise due to mechanical vibrations. Reducing this height
and centralising the retroreflector on the stage platform, therefore reducing the lever
action could aid in reducing some of the mechanical noise present in the HeNe interfer-
ometric signal.

Hardware Limitations

Chp. [} Sec. [f.3|briefly discusses some of the hardware limitations of this interrogation
implementation. Specifically referring to Implementation 4, the National Instruments
(NI) development platform, the practical implications of these limitations is evident.
With a current maximum sample rate of ~597 kHz, and with an RRI interferometric
bandwidth of 1.166 kHz, the maximum velocity measurable using RRI is ~ 0.13mm/s,
which is significantly below the velocity required for practical applications or outside of
the limited test case discussed above. The other caveat of this hardware limited sample
rate is that the maximum measurable optical path difference is restricted to ~263 rad
which, using a conversion factor of 1.35 rad/mm, results in a maximum range of ~
194 mm. Towards the end of this range however, the quality of the demodulated in-
terferometric signals will sharply decrease, so a conservative calculation of the usable
measurement range would be in the region of ~150 mm. Of note however, as described
in Chp. [ Sec. the bandwidth capabilities of this experimental NI system are not
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indicative of a limitation of the RRI signal processing technique, and are significantly
reduced compared to other real-time RRI development units used elsewhere.

Software Limitations

A further consideration, separate from this specific implementation but true of any soft-
ware implementation, is the processing and accumulation of data. In implementation
4, the processing of data is performed after measurement in standalone python scripts.
The reasoning for this was to reduce the burden on both the FPGA and the real-time (RT)
target of the NI hardware in terms of CPU and memory usage and as a result, any mea-
surement data is condensed into a single file to be uploaded from the NI platform onto
a separate PC. Since each file has to be transferred, then separately processed, it is in the
interest of the user to keep measurement times as short as possible, so as to reduce the
file sizes generated by the NI platform. Therefore, while in principle a measurement of
significantly extended duration, created by measurement over a large stage travel range
operating within the limits of the maximum measurable stage velocity, is possible us-
ing this platform, it is considered inadvisable as the file size it would create would be
unmanageable and taxing to process at any level.

7.4.3 Uncertainties

This section discusses the contributions from the main uncertainty sources towards the
overall error in both signals. These contributions are either static, remaining unchanged
during the motion of the stage, or dynamic, changing as the stage is moved. The uncer-
tainties associated with this experiment are summarised in table. [7.1|at the end of this
subsection.

Phase Uncertainty

Here, phase uncertainty is referring to the static uncertainty in both the initial, and final
phase of the RRI signal processing, caused by the linear interpolation discussed earlier,
and illustrated in Fig. Where the RRI phase is not synchronised in time with the first
and last HeNe zero crossings, the RRI phase is linearly interpolated between the RRI
phase before and after the HeNe zero crossing. For both the first and last zero-crossings,
the phase uncertainty is static and can be considered as the difference in phase between
the two interpolation points. For the RRI signal measured this corresponds to an uncer-
tainty of ~ £0.45 rad, calculated from the standard deviation between subsequent phase
points, which equates to a displacement uncertainty of ~ £56 nm in total. Since this un-
certainty is static, it is not expected that this will scale with displacement and therefore
increasing the travel range would lower these uncertainties proportionally.

The HeNe phase uncertainty is associated with timing jitter of the zero-crossing estima-
tion. This is a static uncertainty, that does not scale with the total displacement of the
stage. Assuming a constant fringe rate, the standard deviation of the time uncertainty be-
tween subsequent zero-crossings can be calculated as ~ 40.003 s or a phase uncertainty
of +0.89 rads, corresponding to a static displacement uncertainty of ~90 nm, which can
be considered negligible in the scale of the displacements measured.
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Wavelength Uncertainty

Of particular interest is the error due to wavelength uncertainty, discussed previously
in Chp. [5|Sec. This affects both laser techniques, and has both static and dynamic
uncertainties associated with it. The static uncertainty originates in an uncertainty in
the central wavelength of the laser, which is measured before any measurements occur,
which is typically addressed by calibration of the laser emission. The dynamic uncer-
tainty arises from the potential change in the laser emission wavelength whilst a mea-
surement is underway, and stabilisation techniques are applied to reduce this uncer-
tainty.

For the HeNe measurement technique, the central laser emission is specified by the man-
ufacturer as 632.991234 + 0.0002 nm in vacuum, where +0.0002 nm is the static uncer-
tainty in the HeNe laser emission wavelength. The dynamic uncertainty, in terms of
frequency, is specified by the manufacturer over timescales of less than an hour, well
above the measurement duration, as ~ +5 x 108 which corresponds to a dynamic wave-
length uncertainty at ~ 632.99 nm of +1 x 10~° nm over the measurement period. As ex-
pected, this stability is extremely high and over the timescales and displacement ranges
of the presented experiments, would result in a negligible uncertainty in the displace-
ment measurement.

For the RRI measurement, the uncertainty, both static and dynamic is determined by the
precision of the stabilisation technique presented in Chp. 6| which the original intent of
these experiments to experimentally determine. There is also a static uncertainty in the
wavelength of the rubidium line, found from literature data of the absorption line to be
£0.001 nm [179].

Cyclic Errors

As discussed in Chp. |5, where a detailed analysis of the linearity potential of RRI is
available in Sec. RRI is capable of producing exceptionally linear results, due to
the ability to identify and isolate spurious signals that would otherwise contribute par-
asitically to the demodulated phase signals of interest. Sub-nanometer linearities were
achieved without additional correction, with confidence that this could be improved fur-
ther with a more robust optical design. This is similarly true for the experimental setup
presented in this chapter, benefiting from significantly simplified optical paths.

Further to this, for the HeNe interferometer, there is an assumption made that any cyclic
errors present are stationary so become negligible when the quadrature point of the in-
terferometers is fixed. A more likely source of cyclic errors could occur due to quantisa-
tion noise of the analogue-to-digital converter (ADC) recording low amplitude signals,
where the current 14-bit resolution is spread over the +10 V input. These cyclic errors
due to quantisation noise could be significantly improved in a more robust optical de-
sign, where improved alignment permits larger interferometric signal amplitudes.
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Thermal and Refractive Index Errors

While the dynamic uncertainty associated with thermal expansion of the components
resulting in changes to the optical path length of the interferometer should be consid-
ered, in this experiment the total displacement amplitude is of secondary concern. Here
the focus is on the relative difference between the two interferometric methods, which,
if the optical paths are co-linear should result in identical displacement measurements
regardless of dynamic thermal expansion.

With regards to the refractive index of the optical path medium, in this case air, there can
be temperature, pressure and humidity changes that result in refractive index changes
which scale with the total optical path length as a dynamic uncertainty. In addition, as
the refractive index is wavelength dependent, each laser will effectively measure slightly
different optical paths lengths as a static uncertainty. This static uncertainty can be deter-
mined using the modified Edlén equations [113}|115, 116] to estimate the fractional error
caused by the difference in refractive index between the two laser interferometers. For
an arbitrary temperature, pressure and humidity, the relative fractional error between
the two refractive indices is;

(n)63snm _ 1.000271375
(n)780nm  1.00027004

~ 1.000001335 (7.4)

This corresponds to an optical path length uncertainty due to refractive index differences
of approximately 1.335 parts-per-million (ppm) which for the 10 mm stage motion de-
scribed above is an uncertainty of approximately 13.35 nm. This is significantly below
the resolution of the linear stage so can be considered negligible for these experiments.

The dynamic uncertainty due to changes in the refractive index is harder to state with
confidence, as it must be determined from empirical data recorded at the time of the
measurement. Given the duration of the experimental measurements, and allowing for
operation in well-controlled lab conditions, it can be assumed that the refractive index
will remain relatively stable, and this can be approximated as 1 ppm uncertainty, equiv-
alent to a maximum error of up to 10 nm, arising from dynamic changes to the refractive
index.

Summary of Uncertainties

The various sources of uncertainty in both measurements are summarised in table.
below. Notably, the units of the amplitude of uncertainty change contextually to the
source of uncertainty.
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TABLE 7.1: Summary of uncertainties affecting the comparison between
HeNe and RRI measurements

Source of Affecting Static or Amplitude of
Uncertaint HeNe, RR1 Dynamic? Uncertaint
y or Both? ynamic? certainty
Phase Uncertainty HeNe Static +0.89 rad
RRI Static +0.45 rad
Wavelength Uncertainty HeNe Static +0.0002 nm
HeNe Dynamic +1x107% nm
RRI Static +0.001 nm [179]
Refractive Index Errors Both Static 1335 partg—per—mﬂhon of
total displacement
Both Dynamic ~ 1 part-per-million of

total displacement

7.5 Discussion and Further Work

The work presented in this chapter represents a preliminary effort to compare a highly-
stabilised HeNe laser with a widely-modulated laser diode through co-linear measure-
ment of a bulk-optic Michelson interferometer. Experimental results for a 10 mm linear
stage motion are presented and analysed. Initially, the phase measurements of both in-
terferometer indicated that the evaluation wavelength of the widely-modulated laser
diode was ~776 nm. However, closer examination of both signals revealed significant
errors in the phase analysis. After correction, the results showed that the evaluation
wavelength of the widely-modulated laser diode could be better calculated as 780.09 nm
(in vacuum).

Some of the major sources of uncertainty associated with this experiment have been dis-
cussed including the phase uncertainty of both techniques as well as wavelength uncer-
tainty, cyclic errors and thermal and refractive index errors. For the 10 mm stage motion
presented, the uncertainty is largely due to phase uncertainty. There is some overlap
between this value and the expected value of the evaluation wavelength 780.0268 nm
(vac.), determined by the wavelength of the rubidium absorption line [179, [180], pri-
marily due to the phase error from zero-crossing jitter. Alternative sources of error arise
from the signal analysis itself. It is possible that the RRI signal processing systematically
under or over counts fractions of the 27t phase interval, which would cause significant
cumulative error. In addition, the errors in the repaired HeNe signal are still significant.
For example, in Fig.. there are still non-linear errors of up to 30 rad, which would
equate to approximately +0.13 nm and would dominate over other uncertainty sources.
With these additional uncertainties, the true value for the evaluation wavelength falls
well within the experimentally determined value with uncertainties.
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To improve both this experiment and comparison, improvements could be made in the
following areas:

Zero-crossing analysis

The jitter in the zero-crossing analysis introduces significant uncertainty in the phase
measurement of the HeNe interferometer, which in turn creates uncertainty in the value
of the measured displacement and the calculation of the emission wavelength of the
widely-modulated laser diode. As discussed earlier, a more dynamic zero-crossing anal-
ysis function could be employed to allow for both low-visibility fringe detection, as well
as partial and full fringe detection. This process would also benefit from a general in-
crease in interferometric signal amplitude that a more robust experimental setup could
achieve.

Interrogation Hardware

A significantly limiting factor in these experiments is the sample rate. Restricted by the
interrogation hardware itself, the sample rate of 597 kHz limits several key parame-
ters of the interrogation system. For 512 samples per modulation period, the maximum
quadrature rate is limited to 1.133 kHz, which in turn limits the maximum measurable
velocity to ~ 0.13 mm/s and the maximum measurable range to ~ 194 mm. These pa-
rameters can be easily improved using alternative FPGA-based interrogation systems
with improved analogue-to-digital converters (ADCs) and digital-to-analogue convert-
ers (DACs), provided they can provide synchronisation between the two. A direct conse-
quence of improved quadrature rates is the ability to measure much faster stage veloci-
ties, which would allow stage motions with HeNe fringe rates faster than the mechanical
resonances discussed previously.

Refractive Index Errors

Although they are negligible in this experiment over the 10 mm stage range measured,
refractive index errors can cause significant disparity between the two measurement
methods over longer measurement periods and ranges if not taken into account. To
achieve this, techniques such as the use of external refractometers [118] could be used to
dynamically measure air refractive index, which could be used to calibrate results.

7.6 Summary

In this chapter, initial results for experiments comparing a highly wavelength stabilised
HeNe laser and a widely wavelength-modulated laser diode, illuminating the same in-
terferometer, are presented. An experimental setup is presented, using a bulk optic
Michelson interferometer to measure fixed linear stage motions with both lasers simul-
taneously and co-linearly. The interrogation hardware is presented, describing the ap-
plication of the swept absorption line locking technique introduced in Chp.[fto stabilise
the widely-modulated laser diode and synchronising the laser diode modulation and
recording of the interferometric signals from each interferometer. The step-by-step anal-
ysis of each technique is discussed for a test measurement case of 10 mm stage motion
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at 0.015 mm/s velocity. Further measurement sets for longer and faster stage motions
were also recorded, however are not presented here.

The results presented here demonstrate the comparison of the two phase measurements
to calculate the evaluation wavelength of the widely-modulated laser diode. For the
10 mm stage motion, this is calculated as 780.09+0.13 nm. The large uncertainty on this
value is predominantly from the uncertainty of the HeNe signal analysis, where low vis-
ibility HeNe interferometric signals contribute significantly to non-linear errors in the
phase determination. Discussion is given to how this uncertainty, as well as the general
interrogation system could be improved in future experiments to fully and accurately
compare the HeNe interferometer and widely-modulated laser diode interferometer un-
der a variety of conditions for a range of stage displacements and velocities.

Moving further with this work, the aim would be to reduce the uncertainties to sub
parts-per-million so that the limiting uncertainty becomes the wavelength uncertainty of
the swept absorption line locking technique, and high resolution measurements of the
stage displacement could be made. A more streamlined and efficient analysis process
for both the HeNe zero-crossings and the RRI phase unwrapping would help achieve
this, coupled with improved interrogation hardware with higher sampling rates to allow
for longer displacements and higher velocities than the current system can achieve. A
more powerful interrogation unit with faster processing speeds may also allow for real-
time processing of the two measurement channels, in addition to the synchronised laser
modulation and stabilisation loop.
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Chapter 8

Conclusions and Outlook

During the course of this PhD project, two significant developments, in line with the
aims presented in Chp. [I} have been made in the area of displacement measuring op-
tical metrology and are presented here. Firstly, using range-resolved interferometric
(RRI) signal processing, novel designs of multi-dimensional encoders were developed
and experimentally demonstrated, fulfilling the first aim of this thesis. Secondly, work-
ing towards completing the second aim of this thesis, a novel stabilisation technique for
widely-wavelength modulated lasers, where the modulation depth is at least an order
of magnitude larger than typical modulation schemes, was developed and experimen-
tal results were presented. Additional experimental work comparing a highly-stabilised
Helium-Neon (HeNe laser) to a widely-wavelength modulated laser diode stabilised
using the aforementioned novel technique was also undertaken, and the experimental
results of this is presented, in-line with the third aim of this thesis.

8.1 Multi-dimensional Interferometric Encoders

Conclusions

The novelty of the presented multi-dimensional interferometric encoders originates from
the multiplexing of several interferometers, comprising two or more dimensions of in-
terest, into a single interferometric signal which is then demodulated using RRI signal
processing. Each measurement dimension of interest can then be independently and
concurrently evaluated by interrogation of the constituent interferometers, separated by
optical path difference (OPD), without the need for spatially separated or polarised op-
tical paths.

Literature examples of displacement measuring encoders, have utilised non-optical tech-
niques such as capacitive, Piezoresistive and linear variable differential transformers
(LVDT), or optical techniques such as linear optical encoders, to measure displacements
over a variety of measurement ranges and resolutions. However, phase-evaluating laser
interferometry has superseded most of these techniques both in terms of measurement
range but also resolution, offering sub-nanometer order of magnitude measurements.
The limitation of phase-evaluating laser interferometry however lies in the complexity of
the both the optical and interrogation systems required to evaluate multiple-dimensions.
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Typically, phase-evaluating interferometry can only evaluate interferograms from a sin-
gle source at once, with the complexity scaling with the number of measurement dimen-
sions of interest, however RRI allows for the discrimination and evaluation of multiple
interferometers from a single interferogram by their optical path differences. This allows
for novel, compact encoder designs with a single optical axis port, in contract to existing
encoder designs.

In this work towards the first main aim of this thesis, a novel optical design for a two-
dimensional displacement encoder is presented and experimental results demonstrating
measurements stage motion are shown. The stage motions consist of both single-axis lin-
ear motions, as well as two-axis circular motions over a notional stage range of 50 ym,
and the presented results of these demonstrate the capabilities of this novel encoder
design. This design principle is then extended into a three-dimensional stage encoder,
applying the same concept extended to another measurement dimension. Significant
discussion is given in this work to the working process in extending this encoder design,
in particular the arrangement of optical paths and the various conditions necessary, such
that the interferometers of interest have unique OPDs. Experimental results and anal-
ysis for this encoder design are presented also for stage motions over £50 ym of both
single-axis linear motions, as well as more complex, 3D-helical stage motions. The key
parameters from the experimental results presented in this thesis are summarised in Ta-
ble below. From these measurements, analysis of the noise and linearity, which typ-
ically govern the lower limits of the resolutions achievable by interferometric encoders,
was performed. This analysis is presented, and the values are included in Table
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TABLE 8.1: Key parameters from the work on multi-dimensional interfer-
ometric encoders presented in this thesis

Parameter Value Notes
Experimental
Measurement Range +50 pm See [164]
Quadrature Bandwidth 10 kHz See Sec
Maximum
Measurement Range 12m See Sec

Maximum Velocity 7.8 mm/s See Sec

. 42nm at 10 kHz .
Instantaneous Noise Quadrature BW. See Fig.|5.16

Typical Displacement <04 nm/VHz See Fig.[5.17
Noise ' B
Minimum

<0.01 nm/+vHz See Fig.[5.17

Displacement Noise

Non-linearities <1nm See Fig.

Phase error due to

non-linearity <0.5 See Fig.|5.18

The presented results show very low non-linearities from cyclic errors below 1 nm and
typical displacement noise levels below 0.4 nm/ VHz, dropping to 0.01 nm/ v/Hz above
100 Hz, without further correction, which is highly competitive with the existing tech-
niques presented in Chp. 2l Further to the two and three-dimensional displacement en-
coders, this work includes the application of RRI signal processing to a novel, two-beam
angle and displacement encoder design that uses spatially offset beams to measure an-
gle and displacement changes of a target surface. Here measurements of pitch angle
changes are presented with good agreement between the interferometrically measured
changes, and the in-built stage encoder.

Outlook

The results and performance from all three encoder designs demonstrate the capabil-
ities of this approach towards displacement measuring encoders. Utilising RRI signal
processing in combination with a simple, but well-planned optical design allows for
multi-dimensional measurements with a high precision with results that are highly com-
petitive with existing techniques. These encoder designs benefit from significantly sim-
plified optical setups, without the need for polarising components, that can be made
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extremely compact. By performing range-dependant demodulation of multiplexed in-
terferometers simultaneously and independently, this work shows that novel configu-
rations can be achieved, that could expand the usage of interferometric encoders into
novel application where previously the typical drawbacks of interferometers restricted
their usage. Notably, the compact optical design, simple cost-effective interrogation sys-
tem and high precision may be of particular interest in industrial or engineering applica-
tions, such as positioning stages for nano-scale manufacturing, or where higher precision
is required than traditional techniques can offer.

Extending this research beyond the work presented in this thesis, there are other config-
urations of multi-dimensional encoders that could be of potential interest for investiga-
tion. Benefiting from the the use of small gradient-index (GRIN) optics, which have foot-
prints as low as a few millimetres wide and tens of millimetres in length, the advantages
of range-resolved interferometry could be applied to even smaller optical setups than
in the work presented here. Initial work on this has been presented at conference [182]]
however significant investigation into the applications of GRIN lenses with RRI has yet
to be undertaken. Conceptually, these GRIN lenses can produce a collimated beam from
very compact optics, which could be combined with RRI to create novel configurations
of interferometric sensor. One such concept is an extension of the dual-beam angle en-
coder and the multi-dimensional interferometric encoders presented in this thesis. Using
GRIN lenses mounted on fibre-ferrules, a trio of optical beams could be formed in an ex-
ceptionally compact sensor head, which could be used for tilt and pitch measurements
of a target surface as well as displacement. This concept is illustrated in Fig. and
would benefit from the high resolutions and linearity offered by RRI in a cost-effective,
compact optical setup.

Target

Surface
7] GRIN
1
7 lenses  pipye Pigtails
2 - Fibre to
7 Interrogation
g Hardware

End-on
view

FIGURE 8.1: Concept for a multi-degree-of-freedom sensor using GRIN
lenses in a triangular optical head

Beyond the development of new configurations of multi-dimensional encoder, further
research could be undertaken in assessing the full potential of RRI itself. Aside from
wavelength stabilisation, which is discussed in the following section, further investiga-
tion into the fine-tuning of the RRI parameters, discussed in Chp. [ could be beneficial
in achieving higher resolutions and precision with RRIL.
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8.2 Widely-wavelength modulated stabilisation

Conclusions

The novelty of the developed stabilisation technique arises from it’s intended applica-
tion for locking the emission of widely-wavelength modulated lasers to a well-known,
traceable reference. In these applications the modulation depth of the laser diode is at
least an order of magnitude higher than the linewidth of typical stabilisation references,
and imposes certain conditions on the locking technique.

In the literature, there are many different techniques designed for laser stabilisation in
both long and short term applications. In short-term stabilisation, the focus is on reduc-
ing the linewidth of the laser emission, whereas in long-term stabilisation the focus is
on removing any wavelength drift that might occur. Both types of locking apply prin-
cipally the same techniques with slight differences depending on the time-scales of in-
terest. Typical stabilisation techniques such as harmonic frequency stabilisation (HFS),
tilt-locking and modulation transfer spectroscopy (MTS), use one of two references for
stability; a high-finesse optical cavity such as a Fabry-Perot cavity, or an atomic absorp-
tion reference. However, with a modulation depth significantly wider than the linewidth
of both optical cavities and absorption lines, these techniques are less effective or not ap-
plicable. Techniques that use the harmonic content of the modulation signal such as
HFS have reduced effectiveness as the signal energy of the widely modulated signal is
diluted across hundreds of harmonics of the the modulation signal. In addition, with
wide wavelength modulated techniques there is a secondary intensity modulation that
is phase offset from the wavelength modulation that adds complication to direct mea-
surement of the locking feature.

In the developed stabilisation technique, referred to as swept absorption line locking,
the laser is directly swept through an atomic gas cell containing a gas with a dominant
absorption feature within the wavelength range of the sweep and measured on a pho-
todetector. As the laser wavelength sweeps past the absorption line, two clear troughs
appear in the photodetector signal corresponding to the forward and reverse sweeps of
the wavelength past the absorption line. Using standard line fitting techniques, a sine
wave is fitted to the intensity modulation sweep, ignoring the absorption troughs, and
this is used to correct for the intensity modulation, resulting in two clear peaks on an
approximately flat baseline. To lock this wavelength sweep to the absorption line, the
central wavelength emission of the laser is shifted using temperature setpoint tuning
until the periodicity of the two peaks is exactly half the modulation period.

In this work towards the second aim of this thesis, the principles behind this technique
are presented, alongside results of experiments to determine the efficacy of this locking
technique. Here, experimental results showed an improved long-term stability of the
widely wavelength modulated laser when the stabilisation loop was applied, showing
improvements of an order of magnitude or more fractional stability increase at longer
timescales. From an Allan deviation of a measurement over 24 hours of the stabilised
laser, fractional stabilities as low as 6 x 10~8 were demonstrated for timescales over 1000
seconds with scope for significant improvement. Further work was also carried out in
comparing a widely-modulated laser, stabilised using the novel developed technique,
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and a highly stabilised HeNe laser, in line with the third aim of this thesis. In this ex-
periment the two lasers measure the same displacement of a Michelson interferometer
and the relative phase measurements are compared to determine the uncertainty in the
widely modulated laser’s stability, which is found to be in good agreement within ex-
perimental uncertainty, of the expected stabilisation locking.

Outlook

The preliminary experiments presented as part of this work show good promise for fu-
ture work in this area. The developed stabilisation technique has been shown to improve
the long-term stability of a widely-modulated laser, such as used in RRI, by at least an
order of magnitude over a free-running alternative. However, significant improvements
can still be made to this technique to allow for better stabilisation, including using nar-
rower linewidth stability references such as Doppler-free absorption lines. In rubidium
for example, the linewidths of the Doppler-free absorption lines are several orders of
magnitude narrower than the Doppler-broadened lines used in this thesis, which, if ro-
bust and precise locking is acheived, could increase the stability of this technique by a
similarly high precision.

In terms of the experiments presented in this thesis, the results of the comparison to a
highly-stabilised HeNe still show scope for improvement, where a more robust mechani-
cal setup, as well as a streamlined signal analysis process for both HeNe fringe counting
and RRI signal processing could offer significantly improved results. In general, im-
proved modulation and signal processing hardware, building on the work undertaken
using the National Instruments development platform, would allow for more extensive
measurements and comparisons, as well as unlocking higher precision measurements
using these techniques. Outside of the work presented in this thesis, further investi-
gation into existing techniques, adjusted to account for the wider modulation depths
used by RRI, could be beneficial, using the knowledge gained from the development
presented in this thesis.

In addition, further comparison of this technique, after improvement of the general sta-
bilisation process, to existing, high precision and highly stable techniques would be sig-
nificant in validating both the precision, linearity and resolution achievable by RRI, but
to also show the extent of the stability achievable by the swept absorption line locking
technique. Potential candidates for this comparison include x-ray interferometers which
currently offer nearly unparalleled resolutions [70]. Comparison to these established and
well-developed techniques would be hugely beneficial in bench-marking the capabilities
of RRI and the presented stabilisation technique.
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