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Abstract

In this thesis, the first single-mode optical fibre ultrasonic probe for the GHz frequency
regime is introduced. In many liquids and solids, including biological material, the
acoustic wavelength in the GHz portion of the ultrasonic spectrum is shorter than op-
tical wavelengths in the visible portion of the electromagnetic spectrum, and therefore
presents an opportunity for high resolution. The phonon probe described here de-
livers ultrashort pulses of light into a nanometric metallic transducer which acts as a
~ 100 GHz bandwidth source of acoustic waves. This nano-transducer is fabricated
onto the tip of a 125 um diameter single mode optical fibre, containing a 5 um diameter
active region. Through the phenomenon of time resolved Brillouin scattering, a sec-
ond pulse of light interferometrically detects and reconstructs GHz frequency acoustic
waves travelling in the probed materials. Characteristics of a detected wave, such as
the variations in amplitude and frequency, provide access to both spatial information
and material properties. In addition to the phonon probe instrumentation, a signal pro-
cessing methodology was developed in order to extract this information and allows the
phonon probe to perform parallelised Brillouin spectroscopy and 3D imaging.

The performance of the phonon probe as a time-resolved Brillouin spectrometer
is characterised using a variety of liquids and environmental parameters. From these
demonstrations, it is shown that the device can identify liquids such as glycerol and
polystyrene based on their unique elastic signature, i.e. the Brillouin frequency. What'’s
more, it can also detect chemical and physical fluctuations in the desired medium; it is
capable of detecting variations in water salinity with a sensitivity of 41 + 3 MHz/%wt,
and variations in water temperature with a sensitivity of 2.5 + 0.6 MHz/°C. The fibre-
spectrometer proves capable of measuring minute Brillouin frequency shifts down to
9+ 2MH:z.

Beyond spectroscopy, the probe can be converted into an optical fibre-based ul-
trasonic 3D imaging tool with a unique set of resolving capabilities. Spatial resolution
is enabled by mechanically scanning the fibre or the specimen in the two dimensions
that are parallel to the sample plane. The acoustic time-of-flight signal captured by
the phonon probe is alone capable of providing spatial resolution along the longitudi-
nal direction.The decay signature of this time-of-flight signal can be used to produce
a proximity measurement between the fibre-tip and any object or boundary that exists



within the sensing region. Using these spatial resolution mechanisms, the device was
capable of non-contact 3D profilometric imaging of the absolute or relative topography
of polymer microstructures.

The lateral resolution of the device is determined by the 2.5 um radius optical spot of
the pump and probe beams emitted from the optical fibre core. Axially, the probe utilises
~ 300 nm acoustic wavelengths to achieve a proximity measurement precision of 55 nm
and a profiling accuracy of 30 nm compared with optical profilometry. While imaging, the
probe is simultaneously acting as a spectrometer by measuring the Brillouin frequency
shift of the probe beam within the imaging object; this measurement provides access
to quantitative measurements of viscoelasticity inside the object.

It is shown that the underlying mechanisms of the tool can be extrapolated from
a single-mode fibre to a multi-mode channel within a fibre imaging bundle containing
18,000 channels. Ultimately this capability paves the way for wide-field imaging with
G Hz frequency ultrasonic probes; it will also greatly simplify the scanning motion of the
device since the bundle can be held stationary and the optical beams scanned across
the input-end. This technology finally delivers acoustic microscopy-like capabilities in a
portable instrument. Without micro-lenses and additional facilities on the tip of the fibre,
the device dimensions are compatible with the majority of hypodermic needle gauges,
which is particularly promising for tissue spectroscopy. To this end, its continued de-
velopment holds great promise for application to in vivo needle biopsies, label-free cell
profilometry/elastography, and label-free imaging of superficial tissue with resolution
comparable to confocal laser endomicroscopy.
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Chapter 1

Context & motivation

This work presents the design, development, and proof of concept for an ultrasonic
optical fibre imaging device which is capable of both spectroscopy and microscopic
resolution imaging. This phonon probe, draws inspiration from two well-established
fields of study: optical fibre imaging systems and high frequency ultrasonics. Extremely
high frequency acoustic waves, e.g. in the GHz regime, are capable of exchanging
energy with visible frequencies of light through the phenomenon of Brillouin scattering.
This mechanism serves as a basis for optically detecting acoustic events that occur on
length scales of ~ 100 nm and time scales of ~ 1 ps. When pairing this concept with
the light-guiding principles of a compact and flexible optical fibre, a pathway to ultra-
high resolution acoustic endoscopy emerges, and will be explored here. In particular,
this chapter will lay out the two pillars upon which the phonon probe is built: optical
fibre-based endoscopy and endoscopic ultrasonics.

1.1 Endoscopy

Optical endoscopes are so ubiquitous in society that anyone with an internet connection
or a local DIY-shop can procure one. The working concept is very simple: create a
thin channel that conveys light - and therefore the components of an image - in and
out of environments which are beyond line-of-sight for conventional imaging tools, e.g.
the human eye, a magnifying glass, telescope, or microscope. Their utility spans an
immense range of applications, from the trivial, e.g. checking a drain for blockage, to
the life-saving, e.g. diagnosing colorectal cancer.

The first endoscopes emerged at the turn of the 19t" century and consisted of a
long open-ended rigid tube, with a 45° mirror placed at the input, or proximal, end [1].
The object or environment that was under inspection at the distal end of the tube was
illuminated by simple candle-light or gas-lamp that passed light from the mirror, down
the tube, onto the object, and relayed the image back into the tube-mirror system for
viewing. However, it wasn’t until the advent of electricity, and with it the light bulb,

18



that endoscopes began to provide enough illumination for expert physicians to inspect
sub-surface cavities of the human body. By the start of the 20t century, applications
for the rigid-endoscope were beginning to strongly focus on its use in gastrointestinal
inspection; in this context it adopted the name: gastroscope. For the first time highly
skilled physicians could characterise basic physiological responses of the oesophagus
and stomach; more importantly, gastrointestinal diseases could finally be investigated
in vivo, such as gastritis and pyloric tumours [2].

Despite these major advances at the time, widespread adoption of the device was
stunted by how clearly dangerous and discomforting the long rigid endoscope was to
patients [3]. At the time, the most significant strides in gastroscopic procedural devel-
opment were made using sword-swallowers as test subjects [1, 2]. However, by the
mid-20t" century, the single biggest breakthrough in endoscopic innovation was pro-
vided by the newly realised optical fibre (introduced in following section). Replacing the
rigid and semi-rigid gastroscopes with thin and flexible, yet robust, glass fibres meant
that endoscopic instrumentation could be made drastically thinner, and therefore safer.

Once the potential for this technology was realised, techniques were quickly devel-
oped to organise hundreds of ~ 25 um diameter fibres into a 1 mm diameter bundle
[4], a fibrescope, which was the precursor of the modern imaging bundle. The medical
implications for using the fibrescope as a truly non-invasive gastroscope were all too
clear to the leading gastroenterologists; when presenting the inventor of the first optical
fibre gastroscope (Basil Hirschowitz) the president of the American Gastroscopic Soci-
ety remarked: “I shall forego my prerogative of boring you with a Presidential address
so that Dr. Hirschowitz may at half past 8 o’clock tell you about what | understand to
be a new principle of gastroscopy. | hear that fiber glass conducts light around corners
and that Dr. Hirschowitz has used this material in a new type of gastroscope” [3].

What has since followed is a development boom for endoscopic instrumentation,
enabling less invasive diagnosis, albeit still with a strong reliance on the experience
and subjectivity of the endoscopist [1]. In particular, modern endoscopy provides un-
precedented access to the oesophagus, stomach, pancreas, colon, and the abdominal
cavity (laparoscopy) [2]. This progress has been enabled by the commercialisation of
the technology, driven by companies such as Olympus, Pentax, and Fujifilm, who have
brought the endoscope into the Digital Age with standard features such as: charge-
coupled device (CCD) imaging sensors, ultra high definition viewing monitors, efficient
high power light sources (e.g. LED), video processors, and various computational
imaging and machine learning tools (e.g. computer-aided diagnosis) [5—7]. Further-
more, numerous optical modalities have emerged that enhance contrast and magni-
fication, beyond what is provided by simple white-light illumination and miniaturised
objective lenses, e.g. fluorescence imaging, narrow band imaging, multi-band imaging,
chromoendoscopy, confocal laser endomicroscopy, and endocytoscopy (for examples
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see Figure 1.1) [8-10].

The current gold standard for diagnosing a broad spectrum of diseases and cancers
is histopathology, which requires extracting a biopsy (tissue) sample from the patient;
when the tissue samples are inspected under a microscope, the cellular morphologies
and groupings are indicative of the existence and grade of disease [11]. Unsurprisingly,
there is immense interest in developing in vivo histological techniques to overcome the
invasiveness of biopsies as well as the potential need for repeat procedures. In the
journal series Moments in Surgical History, a review on endoscopy concluded with
the following open-ended query: “Is it possible that instruments capable of determin-
ing cellular structure and biological behaviour will supplant devices capable of mere
visual appreciation of mucosal structure?” [2]. It is this question, and the correspond-
ing path to high resolution, that this thesis seeks to answer, yet from the perspective
of acoustics which will be introduced shortly. Interestingly, despite strong commercial
development of imaging bundle-based endoscopes, the path to ever-increasing endo-
scopic resolution is returning to the single optical fibre, which will be the topic of the
next two sections.

Figure 1.1: Examples of the most prevalent modalities for optical endoscopy. (a) White
light endoscopy (WLE) uses the entire visible portion of the electromagnetic spectrum
and therefore closely resembles human eyesight; it is the most universal modality and
allows basic visualisation, guiding, sizing, etc. (b) Narrowband imaging (NBI) utilises
blue and green wavelengths which are preferentially absorbed and reflected by blood
vessels and mucosal tissue therefore enhancing contrast of these objects; this provides
access to subsurface features of lesions and better visualisation of vasculature. (c)
In chromoendoscopy the tissue is chemically stained to artificially create contrast be-
tween lesions and healthy tissue; this has been used in the picture to identify malignant
lesions of oesophageal squamous cell carcinoma [12]. Reprinted from Gastrointesti-
nal Endoscopy, 85, Adriana Vaz Safatle-Ribeiro, Elisa Ryoka Baba, Sheila Friedrich
Faraj, et al., Diagnostic accuracy of probe-based confocal laser endomicroscopy in
Lugol-unstained oesophageal superficial lesions of patients with head and neck can-
cer, 1195-1207, Copyright (2017), with permission from Elsevier.
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1.1.1 Optical fibre

An optical fibre can be simply described as a thin glass rod - e.g. similar in diameter to
a human hair - which internally supports the propagation of light. The general mecha-
nism at work, is total internal reflection, which was discovered as early as the mid-19t”
century. The phenomenon (described more thoroughly in Section 3.1) allows light to
remain contained inside an object, even if the object is transparent and curved. At the
time of discovery, this sensation was visually captured by public displays called “light
fountains” in which light was made to totally internally reflect down a falling stream of
water [13]. This basic phenomenon now underpins an entire global telecommunications
network in addition to its central role in optical endoscopy.

Wide-scale adoption of optical fibre technology did not manifest until the mid-20t"
century, due to the following developments: the introduction of an outer cladding layer
which surrounds the glass rod, and the improvement in the purity of the fibre glass (and
therefore its optical transmission) [14, 15]. Figure 1.2a presents the basic architecture
of the modern optical fibre. In general the main components are the core, in which the
light propagates, and the optically insulating cladding. These layers are designed such
that the cladding allows light to propagate at a higher velocity than does the core, that
is, the cladding has a lower refractive index n = ¢/v where c is the constant speed of
light in vacuum, and v is the speed of light in the particular medium. This contrast in
refractive index causes the light propagating in the core to completely reflect without
entering the cladding (for certain incidence angles), as shown in Figure 1.2b.

The above describes the operating principle of a multi-mode optical fibre. As light
enters the core region at differing angles, such as the black and violet light rays in Figure

o

Figure 1.2: (a) An optical fibre consists of two main features, a cylindrically symmetric
core layer |n WhICh the light propagates, and an outer cladding layer. The refractive
index of the cladding (ncjadding) is typically lower than that of the core (ncore) Which in
part permits total internal reflection of the light in the core. (b) Light rays that enter the
core at different angles carry different reflection angles down the core, which gives rise
to multiple propagation modes within the fibre. (c) Under certain conditions the core
will only permit a single mode to propagate, e.g. with a Gaussian-like intensity profile,
which does not change along the length of the fibre.
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1.2b, the rays totally internally reflect at different angles, thus giving rise to different
modes of propagation within the fibre-core. Since the two modes travel with different
angles, their path lengths down the fibre are therefore different as are their timings when
they finally exit the fibre; this effect is referred to as intermodal dispersion in mutli-mode
fibores. On the other hand, if the diameter of the core is reduced, or the refractive
index contrast between the core and cladding is reduced, the electric field in the core
interferes with itself in such a way that only a single mode can propagate: a single-
mode optical fibre as shown in Figure 1.2c [15, 16]. These simple concepts, which will
be treated more rigorously in Section 3.1, are the key ingredients for transmitting the
information that constructs an image in endoscopy. Traditionally this is achieved with
a bundle of fibres, where each fibre acts as an imaging pixel, however, in the following
section recent advances will be discussed that enable a single fibre to be used as a
powerful stand-alone imaging device.

1.1.2 Optical fibre-based imaging

There are many forms of optical endoscopy, the most common of which is white light
endoscopy (WLE). For decades this modality has been used with magnifying miniature
lenses and chemical staining procedures (chromoendoscopy) in an effort to maximise
resolution and contrast. Within the last decade this branch of endoscopy has bro-
ken the barrier of cellular resolution imaging, with a tissue-contact imaging technique
called endocytoscopy which utilises high resolution micro-objective lenses and fluores-
cent chemicals to dye the tissue (discussed in Section 1.1.3) [17]. However, the more
common and clinically relevant route to cellular resolution endoscopy is provided by a
narrowband laser technique, confocal laser endomicroscopy (CLE), or endomicroscopy
for short [10, 18]. Confocal laser endoscopy is a collection of techniques which utilise
a single wavelength laser light source. In general, a confocal pinhole is used to reject
out of focus light thereby enhancing resolution and contrast while scanning the imaging
system along the optical axis for in-depth imaging. Typically short wavelengths (e.g.
UV) are used to both increase resolution and excite fluorescence for added contrast
(Section 1.1.3) [10]. Within CLE there are further ways to categorise the range of tech-
niques; one of the most common distinctions is between a single-fibre device and a
fibre imaging bundle. Both CLE and non-CLE strategies for high resolution endoscopy
will be discussed in the following sections in the context of single-fibre or multi-fibre
devices.

Imaging bundle

In the 1954 seminal paper on fibre imaging bundles a clear description of the utility of
a bundle is provided: “each [fibre] could convey light from one element of the image
formed on it to the other end of the bundle. This is a principle which we propose to call
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‘static scanning’ in contrast to ordinary (dynamic) scanning” [4]. Consequently, the bun-
dle can remain in a fixed position and the illumination sequentially scanned from fibre to
fibre across the proximal end of the device, and the intensity of the each pixel recorded
at the sensor/detector. A caveat is that the object image becomes pixelated by the
core-to-core spacing of the bundle, and thus the resolution of the device is limited. The
imaging resolution can also be reduced if light from one channel of the bundle leaks
into a neighbouring channel (cross talk). Despite these limitations, fibre bundle CLE
systems have already achieved impact in clinical settings, and are a leading candidate
for the first “optical biopsy” tool which makes possible in vivo histology, and therefore
in vivo diagnostics. Cellular resolution commercial devices have been developed [19]
which are capable of identifying gastrointestinal pathology - such as Barrett’s oesoph-
agus - with greater accuracy than WLE alone (see Figure 1.3) [10, 20, 21].
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Figure 1.3: (a) Simplified diagram for an imaging bundle-based CLE instrument. The

imaging bundle enables spatial resolution by scanning the input beam across the prox-
imal end in the x/y directions. A miniaturised imaging system enables cellular reso-
lution and the bundle is scanned in the z-direction for depth resolution. (b) Bundle-
based CLE as performed in the oesophagus allows clinicians to investigate neoplasia
at the cellular level in patients with potential Barrett's oesophagus. [21]. Reprinted from
Gastrointestinal Endoscopy, 74, Prateek Sharma, Alexander R. Meining, Emmanuel
Coron, et al., Real-time increased detection of neoplastic tissue in Barrett’s oesopha-
gus with probe-based confocal laser endomicroscopy: final results of an international
multicenter, prospective, randomized, controlled trial, 465-472, Copyright (2011), with
permission from Elsevier.

Single fibre

Single-fibre devices provide a more direct path to cellular resolution since the pixelation
of the bundle is avoided. There are two ways in which single-fibre devices realise this
increased resolution: (1) scanning the distal end of a single-mode fibre in x, y, and z,
and (2) using each mode in a multi-mode fibre as a separate imaging pixel. Scenario
(1) is a well-established configuration for CLE, however, it is implemented at the cost
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of integrating miniaturised raster-scanning instrumentation into the distal housing of
the endoscope (Figure 1.4a). There are a variety of ways in which the fibre can be
scanned, e.g.: place a miniature piezoelectric tip-tilt mirror beyond the fibre (sample is
orthogonal to fibre direction), piezoelectrically actuate the fibre such that it vibrates in a
spiral pattern, or linearly actuate the fibre in the x, y, and z plane [18, 22]. In particular
the latter of these has been adopted by industry in cellular resolution endomicroscopy
[23], and similar to the case of the bundle, has resulted in endoscopists being equipped
with a new resolution of insight for in vivo gastrointestinal diagnostics (Figure 1.4b-e)
[10, 24].

Single-fibre scenario (2) - using a single multi-mode fibre - enables a return to quasi-
static scanning. The underlying principle for this concept is that the spatial intensity
distribution of light after it has scattered from an object can then be encoded by the
modes of the fibre which will produce an image at the sensor. However, even starting
with a well-behaved Gaussian profile illumination at the input end of the multi-mode
fibre, intermodal dispersion and turbidity will scramble the illumination field at the output
of the fibre creating a random speckle pattern or field [26]. To make matters worse this
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Figure 1.4: (a) Device concept for a single fibre CLE system. Spatial resolution is
achieved by actuating a single fibre in x/y/z and the lens system reduces the illumi-
nation spot size at the specimen. The fibre acts as the confocal pinhole in the system
which allows high resolution and contrast for in-depth sectioning. (b-c) The CLE device
is capable of imaging cellular structures in vivo in the colonic mucosa (c) which would
normally only be accessible through histology (b) (FOV 500 um). (d-e) High magnifica-
tion in CLE enables sub-cellular resolution; similar to histology (d), the uptake of fluo-
rophores by the tissue results in variations in fluorescence intensity between cells (e)
(FOV 80 um) [24]. Reprinted from Gastrointestinal Endoscopy, 62, Adrian L. Polglase,
Wendy J. McLaren, Stewart A. Skinner, et al., A fluorescence confocal endomicroscope
for in vivo microscopy of the upper- and the lower-Gl tract, 686-695, Copyright (2005),
with permission from Elsevier.
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happens twice in multi-mode fibres, once as the illumination is propagated from the
proximal to distal end, and then after the light has interacted with the imaging-target as
the light travels from distal to proximal end (and on to the detector). Leading techniques
solve this by calibrating the speckle fields, i.e. calculating the transmission matrix of
the fibre, as the illumination field is varied in space, and applying these transformations
to unscramble an object field (Figure 1.5) [25, 27]. This holds tremendous promise
for biomedical endoscopy because wide fields of view can be attained (~ 100 pm)
while maintaining sub-micrometre resolution; all this with a single fibre (and no lens),
which reduces the footprint by an order of magnitude compared with a typical fibre
bundle. A caveat remains in that the scrambling-effect changes as the position of the
fibre is altered, and grows in complexity as the fibre is lengthened to practical lengths,
however, numerical modelling and exotic fibre geometries have begun to emerge which
are robust to such influences [28, 29].

All of the above techniques are classified as front-view probes, that is, the distal
end of the fibre is end-on from the imaging target. For the internal imaging of luminal
structures - such as vasculature - a side-view probe provides superior access to the
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Figure 1.5: Demonstration of one approach to single fibre multi-mode imaging. Using
the set-up in (b), light is sent in reverse through the system (from the object plane (OP)
on the left to the input plane (IP) on the right) as a function of illumination angle. At
each angle, the speckle pattern at the IP is recorded and serves as the transmission
matrix of the system. (c) Then the system is operated the correct way around: illu-
mination from IP, reflection from an object in OP, and transmission back through the
fibre to the IP and camera. (a) The T-matrix operates on a speckle pattern measured
at the IP to reconstruct the speckle field at the OP; averaging this speckle field over
all illumination angles recovers the final image of the object. (d) Scanning the fibre
allows wide fields of view (Scale bar 100 wm) [25]. Reprinted figures with permission
from Youngwoon Choi, Changhyeong Yoon, Moonseok Kim, et al., Physical Review
Letters, 109, 203901, 2012. Copyright (2012) by the American Physical Society. DOI:
https://doi.org/10.1103/PhysRevlLett.109.203901

a4

25



lumen-wall provided that the probe transmits light orthogonally from its distal end (e.g.
using a prism). Spatial resolution is enabled using miniaturised lenses coupled to the
fibre (or bundle) and by distally scanning the endoscope (Figure 1.6a) [30]; as a result
cellular resolution imaging of mouse vasculature, oesophagus, and colon has been
performed with sideview CLE (Figure 1.6b) [31]. This configuration is also central to
the endoscopic branch of optical coherence tomography (OCT) which uses an optical
fibre-based Michelson interferometer to track changes in the optical scattering of tissue
(Figure 1.6¢c-d). As an alternative to distal scanning, angled diffraction gratings can be
used to spatially disperse broadband light therefore achieving static line-scanning [32].
In the following section, these endoscopic technologies will be discussed in the greater
context of cell imaging.
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Figure 1.6: Side-view optical fibre imaging technologies. (a) A CLE-based sideview
instrument which is scanned in the z-direction and rotated along the z-axis to achieve
spatial resolution. (b) Fluorescence imaging of the vasculature in the colonic mucosa
of a mouse; inset shows the ability to image T, cells (green) (Scale bars 200 um and
20 um for inset) [31]. (c) Configuration for an endoscopic OCT device using a single-
mode optical fibre. A metalens structure is embedded onto the prism to achieve optical
focusing in the tissue; (d) the same distal scanning paradigm as (a) is used to visualise
tissue structure in a grape and even cell walls (insets) (Scale bars 500 wm) [33]. (a-b)
Reprinted/adapted by permission from Springer Nature: Springer Nature, Nature Meth-
ods, In vivo wide-area cellular imaging by side-view endomicroscopy, Pilhan Kim et al.,
Copyright (2010). DOI: https://doi.org/10.1038/nmeth.1440. (c-d) Reprinted/adapted
by permission from Springer Nature: Springer Nature, Nature Photonics, Nano-optic
endoscope for high-resolution optical coherence tomography in vivo, Hamid Pahleva-
ninezhad et al., Copyright (2018). DOI: https://doi.org/10.1038/s41566-018-0224-2.

26



1.1.3 Discussion

Aside from the single-fibre multi-mode imaging devices, all other techniques discussed
above are reliant on attaching a miniaturised optical lens onto the distal facet to allow
light to converge at a distance away from the end-face. The two most prevalent lens-
types are miniaturised convex lenses (placed a focal length away from the fibre-tip) and
graded index (GRIN) fibres (can be attached directly to tip) [18, 24]. The latter makes
use of a quadratic variation in refractive index along the radial cross-section of the fibre-
core, which refracts light similarly to a curved lens. By using combinations of these
miniature lenses, the magnification (and resolution for non-bundles) of the systems can
be further increased at the cost of imaging depth and field of view. Furthermore, as
3D printing and lithography techniques continue to advance, a new class of bespoke
micro- and nano-optics will facilitate a more efficient route to high resolution [33-35].

Table 1.1 collates the current capabilities of the optical endoscopic systems intro-
duced in this Section, and will serve as a future reference for other endoscopic tech-
nologies discussed in this report. In general, a single fibre provides superior resolution
compared with the pixelation of an imaging bundle, and penetration depth (e.g. into bi-
ological tissue) is dependent on the confocal geometry or the optical wavelength used.
The rise of multi-mode single-fibre imaging tools holds great promise for this field since
high resolution is maintained (and even potential for super-resolution [36]) while the
device diameter is reduced by an order of magnitude.

One of the bedrocks of modern microscopy, and by extension optical endoscopy, is
fluorescence, the phenomenon of an atom absorbing a photon and re-emitting a lower
energy photon. Nearly all of the endomicroscopy techniques above (other than OCT)
are dependent on fluorescence in a biological context. Biological cells are composed of
70% water molecules, and live in aqueous environments [40]; as a result of the similarity

Optical endomicroscopy specifications
Technique diameter lateral res- axial res- field of penetration frame
9 (um) olution (wm) | olution (um) | view (um) | depth (um) | rate (Hz)
Bundle endo- 800 4.4 - 800 >100' 33
microscopy [37]
GRIN-lens endo- || 55, 40 0.85 - 60-250 270t 26
microscopy [38]
Confocal endo-
microscopy” [24. 31] 1250 1 10 250 50 1-30
Endocytoscopy [39] 3000 4.2 - 300 30 30
Spectrally encoded s
endoscopy” [22, 32 350 145 7 1000 30
Muilti-mode endo- 230 18 13 200 t 1
microscopy™ [25]
Endoscopic 2500
OCT* [33, 35 (sheath) 6.53 315 ~1000 500 1

Table 1.1: Table comparing the performance of various micro-endoscopy techniques.
* 3D imaging capable either using confocal microscopy or time-resolved modalities.
This value is dependent on fluorescence modality applied.
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in optical properties (i.e. refractive index) between cell and medium, very little intrinsic
optical contrast exists for cell microscopy/endoscopy. Aside from purely optical means
of increasing contrast, such as phase contrast microscopy, fluorescent chemicals have
drastically increased the contrast and sensitivity of cell imaging techniques for a very
simple reason: “an image can be better differentiated and fine structures are more
easily discernible if the object itself emits light” [41].

Despite revolutionising microscopy, and providing a path to sub-diffraction limit res-
olution [42, 43], the fluorescent agents (fluorophores) upon which the collection of tech-
niques rely can pose certain risks to living biological specimens. For example, one of
the key ingredients for the boom in fluorescence microscopy - the green fluorescent pro-
tein (GFP) which was originally derived from jellyfish [44] - has been known to directly
contribute to apoptosis (cellular suicide), mitotic arrest, and gene mutation [45]. As
the fluorophore absorbs the excitation light, reactive oxygen species free radicals are
produced, which are directly toxic to key cellular molecules and disturb cellular home-
ostasis [46]. This problem is exasperated by: (1) photobleaching that is commonly
associated with fluorophores, (2) multiple prolonged exposures associated with imag-
ing modalities such as confocal microscopy, and (3) using short excitation wavelengths
(e.g. UV) [46, 47]. Current ways of mitigating these toxic effects are by controlling
the total light dosage and by utilising lower energy fluorescence mechanisms such as
two-photon microscopy [18, 45]. Beyond fluorescent proteins, a variety of chemicals
are used within chromoendoscopy to stain biological tissue (human and otherwise) for
superior contrast; in a similar way, toxicity is strongly (and non-linearly) dependent on
dosage, and has been shown to manifest in a variety of pathologies from nausea and
chaotic fluctuations in blood pressure to carcinoma in the small intestine, pancreas, and
lungs [48, 49].

The above examples should be taken as limiting cases for the overall toxicity of flu-
orophores. There also exist a number of low-risk fluorophores with minor side-effects
and exceedingly rare fatalities after decades of use and testing [50]. Two such dyes,
Fluorescein and Indocyanine green are both approved by the U.S. Food and Drug Ad-
ministration, and as such, pose negligible risk when concentration is controlled [51];
however, for the case of Fluorescein, it has been reported that toxic effects may be
more pronounced in cell culture compared with typical patient uptake [50].

Along the path to high contrast and high resolution endoscopy in biology, an in-
teresting alternative to fluorescence imaging is the contrast natively provided by using
sound instead of light. In the following section the field of ultrasonics will be introduced.
Throughout the rich history of this non-destructive imaging modality which underpins
sectors of clinical healthcare, the development of cellular imaging systems has not
evolved from microscope to endoscope, a reality which will motivate the work presented
here.
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1.2 Ultrasound

Generally speaking, acoustics is the study of mechanical vibrations in an object or
material. This basic phenomenon is most often interpreted in the form of sound, i.e.
disturbances in the pressure, or the displacement, of air molecules which are perceiv-
able by the human ear [52]. Given the tangibility of sound, and its role in sensing,
communication and musical expression, the study of its properties dates back millen-
nia; in particular, over the last several centuries, the development of the mathematical
framework of acoustics has led to a diverse understanding about the fundamental unit
of an acoustic vibration. In the regime of classical mechanics, occupied by everyday
macroscopic objects such as a violin string, the acoustic vibration can be treated as a
wave which oscillates between high pressure and low pressure. After the quantum rev-
olution of the early 20t century, it was shown that just as there exists a wave-particle
duality for light, that an elastic wave can also be described in terms of discrete quanta of
energy. This quasi-particle came to be known as the phonon, and is used to describe
the free vibrations within lattices of atoms, and therefore is a foundation of modern
thermodynamics and related fields [53].

The frequency of an elastic wave is one of the central themes when discussing
acoustics. Elastic waves such as the surface wave of an earthquake, oscillate with a
frequency of ~ 0.1 Hz. As the frequency of the wave increases, the vibrations become
audible to humans, e.g. in the frequency range of 20 — 20,000 Hz [54]. Above this
audible threshold, the acoustic waves are said to be ultrasonic. In the late 18" century
it was discovered that bats utilise ultrasonic frequencies to map their surroundings by
sending out acoustic pulses and listening for echoes, i.e. echolocation, a characteristic
which can be attributed to many animals [55].

As is often the case throughout human history, the development of ultrasonic tech-
nology was greatly accelerated by wartime efforts. Pierre Curie’s discovery of the piezo-
electric effect, i.e. the mechanical deformation of an object under the influence of an
electric field (and vice versa), led to his doctoral student, Paul Langevin, developing the
first ultrasonic transducer for use in World War | submarine detection using the echola-
tion principles of SOund NAvigation and Ranging (sonar) [55, 56]. This worked in the
following way: when a voltage pulse was applied to the piezoelectric crystal (such as
quartz) of the transducer, the crystal would “expand and contract violently for a short
period of time, thus producing a mechanical wave” which radiates into the surrounding
water [57].

By the onset of World War Il, ultrasonic transducers (Figure 1.7a) were widely used
in sonar-detection, and interestingly, were developed into tools capable of detecting
flaws in the solid/metallic components of naval ships and aircraft [58]. In principle this
was similar to sonar, a pulse of ultrasound was sent from the transducer, and if a
flaw existed in the metal, the sound pulse would prematurely echo from the change in
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material density produced by the flaw and return to the transducer (now acting as a
receiver). These flaw detectors made use of two critical aspects of ultrasound:

1. as with optics, the energy (E) of the wave is proportional to its frequency (f),

E=hf=h (1.1)

14
A
where h is Planck’s constant, X is the wavelength in medium, and v is the sound
velocity. Therefore a 5 MHz ultrasound wave travelling at ~ 10° m/s will de-
liver roughly eight orders of magnitude less energy than a A = 500 nm optical
wave (green) travelling at ~ 108 m/s. Furthermore, when compared with a gold
standard of diagnostics, X-ray radiography, ultrasound is upwards of 13 orders of
magnitude less energetic and is non-ionising.

2. sound has the capability to penetrate deep into solid and optically opaque objects
(e.g. in the visible portion of the electromagnetic spectrum). For example, one
can hear a baby crying through the wall of the nursery even though one cannot
see through the wall.

These principles are ideally suited for inspecting the collection of soft tissues (high
opacity yet high sonic transmittance) that comprise the human anatomy; the industrial
flaw detectors were finally adapted for biomedical use in the 1940’s-50’s by Karl Dus-
sik, John Wild, George Ludwig, and Douglas Howry, among others [55, 60]. Early work
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Figure 1.7: Basics of ultrasonics. (a) The central feature of an ultrasonic transducer is
the piezoelectric element which expands and contracts under an applied voltage thus
creating pressure waves [59]. A layer between the piezoelectric component and the
sample aids in index matching such that sound is transmitted into the medium. (b)
Transducer arrays (dark green) and acoustic lenses (orange) allow focusing and beam
steering; (b-c) when acoustic waves encounter boundaries in acoustic impedance (blue
symbols) a partial reflection occurs and an echo is recorded by the transducer (acting
as a receiver). (d) One of the most prolific uses of ultrasonography is the inspection
of fetal development. Reprinted from Progress in Materials Science, 56, Qifa Zhou,
Sienting Lau, Dawei Wu, K. Kirk Shung, Piezoelectric films for high frequency ultra-
sonic transducers in biomedical applications, 139-174, Copyright (2011), with permis-
sion from Elsevier.
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centred on measuring the velocity of sound through various tissues, and importantly on
achieving proof of concept that sound will echo from the boundary between tissues of
different densities (Figure 1.7b-c). In a testament to the role that the military-industrial
complex played in ultrasound’s upbringing, one of the big breakthroughs occurred when
lan Donald brought biological specimens into a nuclear plant to achieve proof of con-
cept for using an industrial flaw detector on biological tissue; he later went on to perform
the first ever measurements on the human fetus and established ultrasound as a tech-
nique for detecting early pregnancy and monitoring fetal development (Figure 1.7d)
[60].

In the same way as optical endoscopy, commercial entities such as Olympus, Pen-
tax, Siemens, and RCA (now owned by GE) have guided and accelerated the adoption
of ultrasonography in a clinical setting. Despite the change in scenery over the last
several decades from testing pathological samples next to a nuclear boiler, to a sterile
hospital room with refined ultrasonic equipment, there has been one constant: contrast.
When an acoustic wave encounters a change in material density, e.g. at the interface
between fat and muscle, the wave will partially reflect and partially transmit; this is
equivalent to the concept of refraction at interfaces in refractive index in optics. From
the very beginning of ultrasonic diagnostics, this contrast mechanism was immediately
used to investigate the acoustic difference between healthy tissue and cancerous tu-
mours [57]. When pioneer John Wild performed ultrasonic measurements on gastric
carcinoma, brain tumours, and breast tumours, he realised that the ultrasonic echoes
differed drastically compared with the echoes from normal tissue [60].

Throughout the development of ultrasonic technologies and procedures, there has
been a general perception that the energy delivered by ultrasonic waves is non-destructive
to biological tissue. However, if energy is deposited at extremely high rates, in a highly
concentrated way, or over long periods of time it is possible for acoustic power to in-
duce potentially damaging effects in biological tissue such as heating and cavitation
[61]. Such effects have reportedly led to cell death, lung tissue damage, or intesti-
nal hemorrhage in animal studies, yet were not reproducible in human subjects [62].
Nevertheless, ultrasonographic equipment and technicians must adhere to exposure
thresholds called thermal and mechanical indexes (Tl and MI, respectively) which track
the probability of potentially dangerous heating and cavitation events occurring.

As technology has progressed, ultrasonography has become a sophisticated diag-
nostic tool that is used in a wide range of medical procedures. The advent of transducer
arrays (Figure 1.7b) and computer-based image processing algorithms have led to in-
creasingly powerful imaging modalities such as 3D imaging and Doppler-based motion
tracking [63, 64]. Consequently, ultrasound plays an integral role in clinical diagnostics
with applications in visualising cardiovascular disease [65, 66], breast cancer tumour
masses [67], liver cirrhosis [57, 68], and gynecological cancers [69], in addition to ap-
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plications in therapeutics [70] and surgical guiding [71]. Many of these techniques are
based on transcutaneous ultrasonography (TU) (clinician using the transducer to image
objects inside the body through a layer of skin), which is inherently challenged in cer-
tain procedures for the following reason: the existence of fat, bones, and gas introduces
significant acoustic attenuation.

The damping of acoustic waves generally occurs due to the internal friction of a
medium. In other words, the acoustic wave performs work on the medium in the form of
heating or molecular re-organisation, thereby reducing the amplitude of the propagating
acoustic wave [72]. The concept of attenuation is universal to wave propagation in
matter, and is generally known to be a dispersive quantity. For example in optics it
is well established that the refractive index of an electromagnetic wave is complex,
depending both on the phase velocity (n = ¢/v) and the extinction coefficient of the
material (k):

A(A) = n(X) + ik(X) (1.2)

This is also the case for the propagation of an mechanical wave, e.g. in terms of the
wavenumber k = 27n/X and the angular frequency w = 27 f [73]:

k(w) = k(w) + ia(w) (1.3)

where « is defined to be the attenuation coefficient. The challenge of deriving a uni-
versal analytical expression for o as a function acoustic frequency - while considering
the wide range of relaxation processes for numerous materials and states of matter -
has persisted for several decades [74]. However, there is overwhelming experimental
consensus that the attenuation coefficient in general obeys a power law of the form:

a(w) = apw” (1.4)

where the parameters a9 and n are material dependent [73]. Empirically, it is well-
established that many bulk liquids can be described by n = 2 leading to the frequency-
squared attenuation paradigm in acoustics [74]. Unsurprisingly, the phenomenon of at-
tenuation will further complicate as environments become increasingly heterogeneous,
leading to additional sources of attenuation such as scattering. The above effects carry
serious implications for TU inspections - in which the acoustic line of sight from the
skin-layer to an intra-cavity organ may contain significant variations in density or scat-
tering objects - and ultimately motivated the development of endoscopic ultrasound 40
years ago.
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1.2.1 Endoscopic ultrasound

Just as spatial resolution is dependent on the optical wavelength in optics, so too is
the case in acoustics (Figure 1.8a-b). Therefore in order to increase the resolution,
and thus the level of detail, from an ultrasonic image, the acoustic wavelength must
be decreased (increase in frequency). In principle this can be achieved by reducing
the thickness of the piezoelectric layer in the transducer, as its resonant frequency
is inversely proportional to its thickness [59]. However, as discussed previously, this
presents an additional challenge for TU imaging since high frequency ultrasound is at-
tenuated more strongly than low frequency and therefore requires that the source of
high frequency ultrasound be closer to the imaging object. Similar reasoning was pro-
posed as the reason that TU inspection of pancreatic cancer was only 80% sensitive
and specific [75]. Consequently, endoscopic ultrasound (EUS) was identified as a po-
tential path to high resolution ultrasonography; since layers of skin and fat would no
longer impede the imaging volume, higher frequency transducers could then be used
to increase resolution.

Other than the housing of the measurement apparatus and the increase in trans-
ducer frequency, there is essentially no fundamental difference between TU and EUS

(@) i (c)

Mechanically

Y e
- - rotated
transducer
[ Lateral ‘
\\ /. . resolution

Focal zone

Array of
transducers

Axial

( b ) resolution

ST T
= =

US pulse

Point
targets ———

)

Figure 1.8: Characteristics of endoscopic ultrasound (EUS). (a) Similar to lateral res-
olution in optics, resolution is defined in acoustics by the acoustic wavelength and the
power of the lens, whereas axial resolution is more strictly defined by the acoustic wave-
length (b). (c-d) Visualisation of two common EUS configurations: rotational/radial and
linear/convex arrays [76]. (e-f) Optical and acoustic endoscopic views of a gastroin-
testinal stromal tumour; (f) the thin track of a needle can be seen in the sub-surface
volume of the tumour from which blood is pooling (bright spot in middle) [77]. (a-d)
Reprinted from Techniques in Gastrointestinal Endoscopy, 2, Steven M. Shaw, Michael
B. Kimmey, General principles of endoscopic ultrasonographic imaging, 50-55, Copy-
right (2000), with permission from Elsevier. (e-f) Reprinted from Endoscopic Ultra-
sound, 3, Larissa L. Fujii, Michael J. Levy, Basic techniques in endoscopic ultrasound-
guided fine needle aspiration for solid lesions: Adverse events and avoiding them, 35-
45, Copyright (2014).
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devices. Although probe-type ultrasonic transducers had been tested beforehand, the
real breakthrough in EUS came in the early 1980’s when ultrasonic transducers were
combined with the optical endoscope [78]. This mainly provided the ability for the en-
doscopist to visualise the intracavity environment optically before identifying the region
in which they wanted to perform high resolution ultrasound measurements. Following
the development of hybrid EUS devices, it was shown in a clinical trial that pancreatic
tumours could be diagnosed with 99% sensitivity and 100% specificity, compared with
the 80% mark previously attained [79].

In addition to the acoustic wavelength, maximum resolution for EUS systems is also
dependent on the aperture size of the transducer, numerical aperture of an acoustic
lens (if used), and the density of the transducer array (equivalent to situations in which
the pixel spacing limits resolution in optical microscopy) [76, 78]. State of the art EUS
equipment sold by Olympus, Pentax, and Fujifilm - which come in a variety of side-
view, rotational, and forward viewing configurations (Figure 1.8c-d) - contain operating
frequencies in the range of 5 — 12 MHz [80], with prototypical devices containing as
high as 20 MHz [81]; among these devices the maximum achievable lateral and axial
resolution is on the order of 1 mm and 0.2 mm, respectively [76, 78, 81]. Despite having
relatively low imaging resolution, the long penetration depths (~4 cm) and video-rate
acquisition speeds allow EUS to play a crucial role in a wide range of procedures,
including diagnostics for gastric, pancreatic, rectal, and oesophageal cancer (Figure
1.8e-f) [75, 78]. However, further improving the resolution of an ultrasonic endoscopic
will serve to expand the power and usefulness of acoustics, especially in a diagnostic
capacity. In the following sections the paths to sub-mm, and even sub-micron resolution
will be introduced.

1.2.2 Acoustic microscopy

In the 1970’s it was realised that a high frequency piezoelectric transducer, e.g. f >
100 MHz, could be turned into a microscope for acoustic waves. The key enabler of
this acoustic microscope was fabricating an acoustic lens with the following properties:
(1) is fixed in direct contact with the transducer, (2) is highly transmissive of the acoustic
waves, and (3) contains at its output a concave surface with spherical curvature which
uses refraction to focus ultrasound into the subsequent water volume [82]. Early de-
signs utilised two transducer/lens combinations, one for exciting ultrasound, and the
other placed on the opposite side of the sample plane (compared to the source) for
detecting the amplitude of the transmitted ultrasound at a single pixel [82]; later on,
the microscope was adapted to work in reflection mode and therefore use a single
transducer as source and detector (Figure 1.9a) [83].

The radius of curvature (ROC) for the acoustic lens is similar in principle to the nu-
merical aperture (NA) of an optical lens. High radius of curvature allows higher spatial
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Figure 1.9: Device concept for the scanning acoustic microscope (SAM). (a) A con-
cave acoustic lens is fashioned out of an acoustically transmissive material, such as
sapphire and fixed to a high frequency piezoelectric transducer [85]. The transducer
acts as both the transmitter into the coupling medium/sample, and after a quiescent
state, acts as the receiver for acoustic echoes from acoustic impedance boundaries
of the specimen. (b) Lateral resolution (D;aterar in image) is determined by the reso-
nant frequency of the transducer, and the lens aperture (a) and radius of curvature (r)
[86]. (c) SAM image of a chicken heart fibroblast cell showing the ability for resolving
subcellular features (Scale bar 20 um) [85]. (a,c) Reprinted from Proceedings of the
National Academy of Sciences of the United States of America, 78, J A Hildebrand, D
Rugar, R N Johnston, and C F Quate, Acoustic microscopy of living cells, 1656-1660,
Copyright (1981). (b) Reprinted from 2009 IEEE International Ultrasonics Symposium,
A. Jakob, M. Bender, T. Knoll, et al., Comparison of different piezoelectric materials for
GHz acoustic microscopy transducers, Copyright (2009).

frequencies to be produced, yet at the cost of a shortened focal length (Figure 1.9b).
Therefore the resolution of the microscope will depend on the lens ROC as well as
the acoustic wavelength. An early design of the acoustic microscope with a 160 MHz
transducer (9.4 um wavelength in water) and 1.59 mm ROC was capable of a resolution
of 10 um in water [82]. Following initial development, acoustic microscopy was quickly
applied to the imaging of biological cells where the intrinsic variation in the mechanical
properties of sub-cellular features produced high contrast images. This was first per-
formed on fixed cells [84], and later living cells (Figure 1.9c) [85]; in both cases the vi-
tality of the cells appeared unaffected by the high frequency acoustic waves, especially
in contrast with the equivalent violet and ultraviolet wavelengths in the electromagnetic
spectrum.

In order to increase resolution, either a shorter acoustic wavelength is required
(higher frequency transducer), or a smaller radius of curvature. A caveat to further in-
creasing resolution with higher frequency transducers, is that the attenuation of acous-
tic waves increases with the square of the acoustic frequency, and therefore drastically
reduces the practical working distance of the microscope [82]. In the 1980’s the solu-
tion to this obstacle was to replace water as the coupling material and instead choose
a material which lowers the acoustic velocity, and therefore the wavelength, given a
constant frequency. As it turned out, the most natural candidates for this material were
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cryogenic liquids. By making the switch from water to supercooled liquid argon, ni-
trogen, and helium the acoustic wavelength could be reduced by 2 to 4 times; these
shorter wavelengths could then be used to achieve higher resolution while keeping
ROC and frequency fixed (attenuation), or a fixed resolution could be maintained with
an increased ROC (focal length). Consequently, by increasing transducer frequency to
630 MHz, an acoustic wavelength of 360 nm was achieved in cryogenic helium, which
allowed the resolving of 400 nm features in a resolution target [83].

In the context of developing a micrometre resolution ultrasonic device that could be
compatible with endoscopic instrumentation, there are difficulties presented by acous-
tic microscopy technology. Since, the resonance frequency of the piezoelectric trans-
ducer will inversely scale with the thickness of the piezoelectric element, an increasingly
fragile transducer needs to be fabricated and electrically driven, e.g. on the order of
1—10 pm film thickness. Conventional piezoelectric transducer materials, such as ZnO
(zinc oxide), are capable of being deposited to such dimensions, however, at frequen-
cies at and above 1 GHz, there is severe insertion loss resulting in acoustic amplitudes
that are too low for use [86]. Additional materials and thin-film deposition techniques
have been explored, yet issues still centre on achieving a thin-film of sufficiently high
quality; if the fabrication procedure introduces inhomogeneity or stress into the film, it
is likely to crack under electrical excitation [59]. Furthermore, there is the complication
of miniaturising and implementing the surrounding electrical system. One potential so-
lution to these issues was identified in the mid 1980’s: instead of using electro-acoustic
systems, why not use opto-acoustic? In addition to simplifying the electrical obstacles
of acoustic microscopy, this also presents an opportunity to utilise optical microscopy
as a route to high resolution.

1.3 Photoacoustics

The field of photoacoustics (sometimes referred to as optoacoustics) had its beginning
in the late 19t century with Alexander Graham Bell and his assistant Summer Tain-
ter. They discovered that by shining light onto an object, the object was capable of
producing sound. In a description of one of their seminal experiments, Bell remarked:
“a beam of sunlight was focussed into one end of an open tube, the ear being placed
at the other end. Upon interrupting the beam, a clear, musical tone was heard, the
pitch of which depended upon the frequency of the interruption of the light and loud-
ness upon the material composing the tube” [87]. Bell then proposed that this effect
could be explained in the following way (using the pigment lamp-black as an example):
“when a beam of sunlight falls upon this mass the particles of lamp-black are heated,
and consequently expand... When the light is cut off the converse process takes place”
thus implying that the rapid modulation of these processes give rise to audible sound
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waves [87]. This process of creating elastic waves from a thermal gradient is known as
thermoelastic. It was then Bell’s ambition to prove that this photoacoustic effect was in
fact a property that was “common to all matter.” Following these important experimental
breakthroughs, C.V. Raman and Léon Brillouin indeed discovered a more intimate (and
quantitative) relationship between light and sound [88, 89]. In the following chapter the
discoveries and developments enabled by Brillouin will be introduced and utilised for
application to high frequency ultrasonic imaging.

1.3.1 Photoacoustic microscopy

The usefulness of the photoacoustic effect became more apparent with the advent of
the laser, and especially pulsed lasers in the mid-20t" century, the latter inherently
providing “interruptions” to the optical beam at rates of thousands to millions of inter-
ruptions per second. By the 1970’s the potential for utilising the photoacoustic effect
as an imaging mechanism was realised; the inventors of the scanning acoustic micro-
scope [82] integrated a focusing lens into their system for this purpose thus creating the
first photoacoustic microscope (PAM) [90]. The lens would focus short pulses of light
onto the sample, resulting in: optical absorption, thermal expansion (and contraction
with cooling), and radiation of mechanical vibrations, which would then propagate to a
conventional piezoelectric transducer for detection (Figure 1.10-B1).

The curiosity that dark pigments could generate photoacoustic waves was even-
tually applied to highly absorbing biological materials, e.g. chromophores [93]. De-
spite the low optical absorption in biological tissue, endogenous chromophores such as
haemoglobin, DNA, RNA, melanin, and mitochondria (among others) by contrast exhibit
significant absorption [94]. Through this mechanism, biological specimens themselves
act as label-free photoacoustic sources; in this context PAM provides the following ca-
pabilities:

¢ potential for optical lateral resolution - when the optical spot size (and thus the size
of the photoacoustically excited region) is smaller than the focal spot of the acous-
tic transducer [94]. The inflexibility of acoustic lenses with fixed focal length/spot
size can be replaced with an interchangeable optical lens while providing spatial
resolution equivalent to an optical microscope [90].

e reduced acoustic path length (and therefore attenuation) - compared with tech-
niques that use a transducer as an acoustic source. Since the specimen itself
acts as the acoustic source, acoustic attenuation which would normally occur
from the piezoelectric transducer source to the sample is avoided (replaced by
optical attenuation) [95].

e high contrast - imaging contrast is provided by changes in optical absorption as
opposed to optical transmittance or reflectance [94, 96]. For common endoge-
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nous chromophores absorption of visible wavelengths can be 4 to 8 orders of
magnitude stronger than water alone [95].

e broadband ultrasonic frequency performance - the optical penetration depth of the
absorbing material, the size of the object, the sound velocity, and the pulse width
of the generation laser will determine the frequency response of the system [97—
99]. Due to the wide range in size and absorption profile of various absorbers,
photoacoustic waves spanning from the kHz — GHz range can be generated al-
lowing a range of axial resolutions [100].

e long acoustic penetration depth - with wideband frequency performance comes a
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Figure 1.10: Working principle and imaging capabilities of photoacoustic microscopy
(PAM). (B1) In general the sample is illuminated by a pulsed laser, and the acoustic
waves generated by optical absorption in the specimen are detected by a piezoelec-
tric receiver [91]. (B2) PAM imaging of the vasculature network of a mouse brain.
(left-middle) Normalised acoustic amplitude for lateral and longitudinal cross-sections;
(right) using excitation beams with different pulse-widths multiple chromophores can be
targeted and used for spectral imaging of blood oxygenation [92]. (B3) PAM imaging of
single cells: (left) melanoma cell and (right) red blood cell (FOV 15 um). (left) Bright-
field and fluorescence showing the cell nucleus, followed by PAM images showing the
increasing image resolution as the detection-transducer frequency is increased (scale
bar 30 um); (bottom) in-depth imaging, scale bar 15 um [91]. (B1,B3) Reprinted from
Photoacoustics, Eric M. Strohm, Elizabeth S. L. Berndl, and Michael C. Kolios, High
frequency label-free photoacoustic microscopy of single cells, Copyright (2013). (B2)
Reprinted by permission from Springer Nature: Spring Nature, Nature Methods, High-
speed label-free functional photoacoustic microscopy of mouse brain in action, Junjie
Yao et al., Copyright (2015).
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wide range of acoustic attenuations. For the low frequency end of the ultrasonic
spectrum, e.g. 5 MHz, this results in penetration depths on the order of ~ 10 cm;
the attenuation that occurs over this distance is equivalent to the amount experi-
enced by a 50 MHz wave in ~ 1 ¢m [100]. Furthermore, NIR wavelengths of light
will achieve maximum penetration on the order of ~ 1 ¢m [101] as they scatter
much more significantly than for low frequency ultrasound [97, 98].

Using these principles PAM has been established as a powerful tomography and
microscopy technique for inspecting biological specimens with high contrast, pene-
tration depth, and resolution. It is especially ideal for biological subjects with high
concentrations of endogenous chromophores; consequently, it is a vital modality for
investigating a variety of physical and chemical conditions within the cardiovascular
network, composed of the endogenous contrast agent haemoglobin (Figure 1.10-B2)
[92, 97]. When used with high numerical aperture microscope objectives PAM enables
cell imaging with photoacoustic contrast and optical (and even super-optical) resolution
[94, 102, 103]. It is worth noting that this is typically carried out on cell-types that carry
high concentrations of chromophores, such as red blood cells or melanocytes (Figure
1.10-B3); this condition is commonly not the case for other cell-types which necessitate
exogenous photoacoustic contrast agents such as dyes and nanoparticles [94].

Beyond the bench-top implementation of PAM, there has been a great deal of de-
velopment in photoacoustic endoscopy (PAE), which enhances the clinical adoption of
photoacoustics. In the following section, these technologies will be briefly described.

1.3.2 Photoacoustic endoscopy

Given the optical excitation mechanism of photoacoustic microscopy, it is natural to
translate the technology from using bench-top optical microscopy equipment to optical
fibre-based equipment that is compatible with conventional endoscopes. Early imple-
mentations of this concept utilised a relatively conventional EUS transducer, with an
optical window surrounding the acoustical axis. Excitation light was illuminated external
to the sample through to the acoustical axis for photoacoustic excitation and ultrasonic
detection [104]. Soon after fully endoscopic designs emerged which placed an optical
fibre - used to deliver light into the imaging volume for photoacoustic excitation - through
the same channel occupied by the mechanical scanning and piezoelectrical wiring (Fig-
ure 1.11-B1) [105—-107]. This work led to a great leap in pre-clinical relevance for PAE
through the 3D volumetric in vivo imaging of the lower and upper gastrointestinal tract
vasculature (rabbit) [96]. The breakthrough was enabled by designing the probe such
that a single piezoelectric transducer could act as a receiver for 3 excitation events:
piezoelectric transducer excitation, and two separate optical fibre photoacoustic exci-
tations (Figure 1.11-B1). In this way, the device simultaneously performed EUS and
2-channel PAE; the latter achieved by using 2 separate optical wavelengths with which
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2 different optical absorption peaks and therefore chromophores could be targeted.
Similar to bench-top PAM, the spatial resolution of a photoacoustic endoscope can
be improved by minimising either the optical spot size (generation) or the acoustical
spot size (detection), with the region of overlap between the two ultimately setting the
lateral resolution. However, the only way to improve axial resolution is by maximising
the upper frequency of the piezoelectric transducer [109]. Currently the photoacoustic
endoscope (with piezoelectric transducer detection) with the highest spatial resolution

Injection tube (SS)

S8 tubular housing (OD: 3.4 mm) \

0.8mMm ) aser beam

~ “—Acoustic beam
Imaging window

e Ty -
—— 1.3 M

Scanning mirror
Signal wire Fiber tip g

SStubel Gjass ferrule GRIN lens Focused US

transducer

\ 4= Proximal body Anus wp

Figure 1.11: lllustration of state of the art photoacoustic endoscopes (PAE). (B1-left)
the measurement apparatus consists of a piezoelectric ultrasonic transducer (receiver)
with an optical fibre running through its centre (photoacoustic excitation source) [105].
The transducer can also be used for parallel ultrasonography, by exciting and detect-
ing its own acoustic waves (at different times compared with its acquisition of the PA
signal). Optical beam is scanned radially by electromagnetically rotating the optical-
acoustic mirror (SM) along the long axis of the endoscope; the probe is withdrawn along
the long axis of the device to achieve transverse spatial resolution. (right) /n vivo PAE
imaging of rabbit oesophagus: (top) photoacoustic amplitude, (middle) all-ultrasonic
image, (bottom) overlay of PA and ultrasonic (horizontal and vertical scale bars 2 cm
and 5 cm respectively.) [96]. (B2-top) Optical-resolution PAE device which achieves
optical focusing by coupling a GRIN lens to the tip of the photoacoustic excitation fibre.
(bottom-left) 3D volume rendering of a rat colorectum imaged in vivo; (bottom-right)
given the optical and acoustic focusing of the device a radial resolution of 10 um is
possible allowing fine tissue structure to be resolved [108]. (B1-L) Reprinted from Op-
tics Letters, Joon-Mo Yang, Konstantin Maslov, Hao-Chung Yang, et al., Photoacoustic
endoscopy, Copyright (2009). (B1-R) Reprinted by permission from Springer Nature:
Spring Nature, Nature Medicine, Simultaneous functional photoacoustic and ultrasonic
endoscopy of internal organs in vivo, Joon-Mo Yang et al., Copyright (2012). (B2)
Reprinted from Biomedical Optics Express, Joon-Mo Yang, Chiye Li, Ruimin Chen, et
al., Optical-resolution photoacoustic endomicroscopy in vivo, Copyright (2015).
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is achieved using a GRIN-lens optical fibre for photoacoustic excitation, which produces
a lateral resolution of 10 um and an in-depth resolution of 50 um (Figure 1.11-B2)
[108]; similar resolutions have also been demonstrated by other optical-excitation and
acoustic-detection configurations [110, 111].

The PAE devices discussed thus far can be classified as being side-view probes,
i.e. the line-of-sight for the probe is orthogonal to the surface normals of the opti-
cal fibre (excitation) and piezoelectric transducer (receiver). Side-view configurations
achieve spatial resolution by acquiring a series of photocaoustic measurements along
the radial direction, and then mechanically rotating the probe in order to interrogate the
adjacent region. This scheme is ideal when the probe is used for inspecting luminal
objects, such as arteries, the oesophagus, and the colon [96]. However, for procedures
such as needle biopsies and gastric mucosal inspection a device which looks forward
into the target is more desirable. The path to forward-viewing for piezoelectric PAE de-
vices is made difficult by the need to scan the transducer in the x/y direction in order to
achieve spatial resolution. This is achievable in principle as seen with endomicroscopy;
however, the footprint of piezoelectric PAE devices is already dominated by the trans-
ducer (typically on the ~ mm scale), and providing additional space for range of motion
will drastically increase the device size. Alternative solutions to this obstacle are made
difficult by the fact that: piezoelectric transducers decrease in sensitivity as their ac-
tive area decreases, and high-performance transducers are generally optically opaque
which presents challenges for the placement of the excitation optical fibre [100].

All-optical photoacoustic endoscopy

Piezoelectric transducers operate via electrical sensitivity to mechanical vibrations. An
alternative to this mechanism, is to design a transducer which is optically sensitive to
mechanical vibrations. An ideal tool with which this detection scheme can be achieved
is an optically resonant cavity, such as a Fabry-Pérot interferometer (discussed in the
following chapter). In such cavities the reflection and transmission of light through the
device is strongly dependent on cavity thickness, which provides an opportunity for op-
tical power modulation under mechanical strain. This innovation meets the challenges
outlined in the previous section, especially in the following aspects:

e by fabricating an optical receiver onto an optical fibre, the lateral dimensions of
the probe can be reduced by nearly an order of magnitude (compared with piezo-
electric detectors). This reduction in size drastically improves the prospects for
implementing the device into standard endoscope instruments where space is
restricted.

¢ the dimensions of the transducer can be reduced to thicknesses which would nor-
mally break under high voltage application (for a piezo-electric transducer) [59].
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This makes available standard thin-film fabrication techniques such as physical
vapour deposition and dip-coating. These considerations become relevant when
seeking to increase the bandwidth of the receiver, but more importantly when
attempting to detect ultra-high frequency ultrasound.

e arrangement of ancillary components for piezoelectric detection, such as wiring,
electrical isolation, pre-amplifiers is no longer required (nor is the space they
consume), especially when replaced by a simple optical fibre.

¢ the optical cavities can be designed such that they are transparent at the wave-
length used for photoacoustic excitation, thus allowing a consolidation of excita-
tion and detection channels

e by consolidating excitation and detection channels, previous difficulties in co-
aligning the piezoelectric transducer axis with that of the optical axis are avoided
or simplified [107].

e endoscope-compatible optical fibre scanning techniques are well-established, ei-
ther distally [24, 112] or proximally by using a static optical fibre imaging bundle;
both being capable of optical microscopy resolution.

Within an all-optical paradigm of PAE, the prospect of achieving spatial resolution
by scanning the detection laser across the proximal end of an imaging bundle is espe-
cially promising. This negates the use of complicated miniaturised distal scanning units
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Figure 1.12: All-optical forward viewing photoacoustic probe. (a) The device consists
of an optical fibre imaging bundle; just as with conventional PAE, the fibre is used to
deliver the excitation laser to the sample. A Fabry-Pérot optical cavity is fabricated
onto the distal end of the bundle; the cavity is designed such that its optical reflectiv-
ity (of a second probe laser) is sensitive to the mechanical deformations caused by
the photoacoustic waves of the sample. Photoacoustic-based depth imaging of vas-
culature in mouse abodominal skin both in the lateral (b) and longitudinal (c) direc-
tions [113]. Reprinted from Light: Science & Applications, Rehman Ansari, Edward
Z. Zhang, Adrien E. Desjardins and Paul C. Beard, All-optical forward-viewing pho-
toacoustic probe for high-resolution 3D endoscopy, Copyright (2018) under Creative
Commons license Attribution 4.0 International (CC BY 4.0).
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(rotational or linear), which add to the footprint of a PAE system. The leading work on
this particular solution has been carried out by fabricating a Fabry-Pérot interferometer
directly onto the distal end-face of a coherent imaging bundle [113]. The cavity is de-
signed such that it is transparent for the excitation wavelength, and sensitive to vibration
for the detection wavelength (Figure 1.12a). The device contains maximum lateral and
axial resolutions of 45um and 31um respectively, which were used to attain images of
vasculature in ex vivo duck embryo and mouse abdominal skin (Figure 1.12b-c). Re-
cently, an alternative design has been proposed, in which a GRIN-lens is fixed to the
bundle distal facet to increase the resolution and field of view [114].

In the following section, the preceding advancements in photoacoustic endoscopy
will be brought into context within the landscape of high resolution imaging tools with
endoscopic dimensions. A particular focus will be applied to the prospects of the highly
miniaturisable all-optical ultrasonic imaging techniques, and how these might be devel-
oped to the point where biological cell imaging is possible.

1.4 Discussion, device concept, and thesis outline

This chapter has introduced the history, working principle, and technological develop-
ments of optical, acoustic, and photoacoustic endoscopy. The trajectory laid out by
optics - from microscopy to endoscopy - has inspired similar innovation for the younger
field of ultrasonics, and the even newer field of photoacoustics. Compared with optical
techniques, and even conventional ultrasound, photoacoustics provides superior con-
trast due to the stark difference in optical absorption throughout biological tissue, as
opposed to contrast achieved via refractive index or acoustic impedance mismatches.
This provides further value due to the fact that optical absorption is chromophore-
specific, and therefore high specificity and spectroscopic accuracy can be obtained.
However, the path to microscopic resolution is less trivial in photoacoustics than for op-
tical endomicroscopy. Aside from distal scanning units (if required) and focusing micro-
optics, optical endomicroscopy is without additional complexity and therefore space can
be used to increase pixel density. For photoacoustics, the reliance on optical, acoustic,
electrical, and mechanical instrumentation results in complicated payloads at the distal
facet which are exclusively on the order of > 1 mm in total diameter [109].

Currently, the most reliable way to shrink PAE’s appears to be via optical detection
of ultrasound, i.e. all-optical ultrasonics. In this way, the pitfalls of reduced piezoelec-
tric transducer sensitivity and bulky distal scanners are avoided, and replaced by a
wideband/high-sensitivity optical cavity combined with the ~ 10 wm channel of an op-
tical fibre, e.g. in an imaging bundle with tens of thousands of channels. Even if a
convetional PAE device could be sufficiently miniaturised, one of the strengths of PAE
is also a relevant limitation: a close reliance on optical absorption. When there exists
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weak intrinsic optical absorption, e.g. as in many cells, the technique becomes reliant
on extrinsic labels, or must change excitation wavelength to photoxic UV [115, 116].
For this reason, most cell imaging in PAM is reported with cells that exhibit strong ab-
sorption (red blood cells) or labelled cells [94]; this could also provide an explanation
for the lack of dedicated cell imaging technology for PAE thus far.

Instead of relying on strictly the optical absorption (and thermoelastic) characteris-
tics of the imaging target itself, there is the possibility of mechanically exciting the target
with ultrasound that was generated by the endoscope. In other words, the device would
rely on the historic concepts of pulse-echo ultrasonography, where the piezoelectric
transducer is both a transmitter and receiver of ultrasound; however, the device would
be all-optically driven. What has been described are effectively the principles of laser
ultrasonics, a technology which has been widely applied in materials science and in-
dustrial applications [117]. In laser ultrasonics, an optically absorbing (often polymeric
or metallic) transducer layer is used to generate ultrasound through the same pho-
toacoustic effect described earlier, and the time-of-flight of the wave can be optically
monitored through interferometry. These principles have already been successfully ap-
plied to ex vivo and in vivo imaging of swine vascular tissue (Figure 1.13) [118, 119]
using an optical fibre terminated with carbon nanotube-based polymer composites for
thermoelastic generation and a neighbouring fibre as a detection interferometer [120].

Despite significant progress in PAE, and now laser ultrasonic fibre imaging, the
prospect of cellular resolution imaging (akin to cell imaging in endomicroscopy and
endocytoscopy) still eludes the wide range of acoustics-based endoscopy modalities.
The following are proposed as reasons as to why this has not yet happened:

¢ high lateral resolution requires tightly focused light - with micro-optics this is rou-
tine for optics (if the optical excitation spot size is being used to set the resolution
of PAE). However, achieving this acoustically requires shortening the acoustic
wavelength which requires more fragile high frequency transducers with acoustic
lenses (if the acoustic detection spot size is being used to set the resolution of
PAE). Furthermore, as the lateral resolution of the device is increased this will
demand greater resolution for the mechanical scanning elements (more easily
accomplished using a fibre bundle with proximal scanning).

e high axial resolution requires high frequency ultrasound (e.g. > 100 MHz) - this
is inherently difficult for acoustic-detection PAE since high frequency transducers
would be compulsory. This can be more readily achieved with optical detection
since the Fabry-Pérot sensor can be fabricated such that it is sensitive over a
greater bandwidth.

e higher acoustic frequency means greater attenuation - consequently, both the
working distance and penetration depth of the device will be more significantly
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limited than typical 20 — 40 MHz frequency PAE techniques.

e decreased field of view - using a high numerical aperture micro-objective lens
or acoustic lens will reduce the imaging field of view which then places greater
demand on the scanning mechanism.

However, these are rather similar challenges faced by endomicroscopy and endocy-
toscopy which provide in vivo imaging capability with resolutions that are comparable
with histology. If these qualities could be realised for acoustics, microscopic resolution
and acoustic contrast could then be applied to medical and industrial applications in
which there is no conventional line-of-sight and would normally require extraction for
inspection. This would extend the utility of acoustics:

e the life sciences would gain a new label-free tool with which mechanical pro-
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Figure 1.13: Device concept for an all-optical laser ultrasonic fibre imaging device. (a)
The system consists of two fibres: a multi-mode fibre capped with a carbon nanotube
polymer composite for photoacoustic excitation, and a single-mode fibre capped with a
Fabry-Pérot interferometric detection cavity. The two are placed adjacently in a cardiac
needle which is mechanically articulated in x/y/z to achieve spatial resolution. (b) /In
vivo brightness mode (B-mode) imaging (in the lateral and longitudinal dimensions) as
the probe is translated along swine cardiac tissue. By tracking the amplitude of acoustic
echoes at impedance changes, the probe is capable of resolving the topography and
anatomical features of the cardiac wall [119]. Reprinted from Light: Science & Applica-
tions, Finlay, M., Mosse, C., Colchester, R. et al., Through-needle all-optical ultrasound
imaging in vivo: a preclinical swine study, Copyright (2017) under Creative Commons
license Attribution 4.0 International (CC BY 4.0).
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cesses in the microstructure of biology (cells and tissue) could be investigated

¢ this could lead to new tools for pathology where acoustic spectroscopy and imag-
ing could search for micro-mechanical signatures of disease for less invasive high
throughput biopsies

¢ the above concept could also be applied to non-biological specimens, for example
in on-wing aerospace diagnostics or precision manufacturing monitoring

e compatibility with standard endoscopes, needles, catheters, etc, would change
the concept of an ultrasonic payload.

Therefore, it is the intent of this thesis to create an all-optical fibre-based imaging de-
vice which delivers microscopic resolution, label-free contrast, and portability, utilising
optical lateral resolution and ultra-high frequency ultrasound (e.g. ~ GHz) for axial
resolution. The devices discussed above will serve as references, and their relevant
characteristics are reported in Table 1.2.

One prospect which could meet the outlined needs for the phonon probe, is a
derivative of laser ultrasonics called picosecond ultrasonics (PU) or picosecond laser
ultrasonics (PLU). By using ultrashort pulse-width lasers (e.g. < 1 ps) and optical ab-
sorbers with nanometre-scale skin-depths, ultrasonic frequencies from GHz — THz can
be photoacoustically generated [121]. In water, acoustic waves with these frequen-
cies possess wavelengths that span 1500 nm down to 1.5 nm, and therefore provide
an opportunity for ultra-high axial resolution and optical lateral resolution provided that

Photoacoustic endoscopy specifications

Technique diameter | lateral res- axial res- field of penetration A-scan
9 (mm) olution (wm) | olution (um) | view (mm) | depth (mm) | rate (Hz)
AR-PAET [96, 105] 42 230 47 25 3 1000
OR-PAET [108] 3.8 10 50 20 2 1000
all-optical
PAE #1 [113] 3.2 39 31 3.5 2 30
all-optical
PAE #2 [114] 2.4 10 68 3.5 0.38 -
all-optical . .
LU [118, 119] 0.5 88 64 ~ 10 25 50
all-optical
phonon probe* 0.125 ~1 <1 B - -

Table 1.2: Table comparing the specifications of current state of the art Photoacoustic
endoscope-type devices. AR - acoustic resolution, meaning that the size of the acous-
tic spot size used for detection is smaller than the optical spot size used for excitation
and thus sets the lateral resolution. OR - optical resolution, optical spot size (detection)
sets the lateral resolution. {The technique is in a side-view configuration and there-
fore relies on a combination of linear and rotational scanning mechanisms; all other
listed configurations are front-view. *This value represents the total diameter of the 2
optical fibres, however, the total diameter of the integrated needle device is 1.08 mm
[119]. *This technique is distal scanning so the field of view is acquired over a series of
spatially resolved point measurements. ™ Specifications proposed by this work.
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an optical detection cavity is fabricated within the desired bandwidth. Furthermore, by
utilising acoustic wavelengths that are on the order of NUV-NIR optical wavelengths, an
alternative way of optically detecting acoustic waves becomes available. Under these
conditions, the acoustic wave itself becomes an interferometer. Through the effect of
Brillouin scattering, the mechanical vibrations of an atomic lattice (phonons) are capa-
ble of resonantly reflecting or transmitting light (photons), which provides the neces-
sary modulation in detected optical power. Brillouin scattering and PLU are both well-
established fields of study which are growing in maturity for biology and microscopy
oriented applications, yet are both without viable endoscopic imaging technologies;
these concepts will be introduced more quantitatively in the next chapter.

Following the context and motivations described in this chapter, with the end goal
of achieving proof of concept for a phonon probe, the remainder of this report will be
organised in the following way. Chapter 2 will introduce, derive, model, and discuss
background material underpinning the concept for the phonon probe. Here the scope
of the report will narrow towards the phenomena of PLU and Brillouin scattering, and
how they will be leveraged in order to create an ultra-high resolution optical fibre ul-
trasonic imaging device. In Chapter 3 the design concept, specific working principles,
performance modelling, and fabrication methods for the device will be addressed, fol-
lowed by the experimental methods in Chapter 4. Proof of concept results for both
spectroscopy and imaging will be presented in Chapters 5 and 6. Lastly, Chapter 7
presents the future developments and outlook for the device and is followed by a sum-
mary and closing remarks in Chapter 8.

47



Chapter 2

Background & modelling

In this chapter the fields of Brillouin spectroscopy and picosecond laser ultrasonics
(PLU) will be introduced and analysed. Compared with the piezoelectric and photoa-
coustic systems described in the previous chapter, Brillouin scattering and PLU are
driven by physical processes that occur on a picosecond time scale, and therefore
provide access to GHz, and even T Hz frequencies of the ultrasonic spectrum. Both
techniques have the benefit of being non-contact, and importantly, they are inherently
all-optical and therefore present an opportunity for imaging with high spatial resolu-
tion and without bulky electrical components in the measurement volume. Given the
all-optical nature of the systems, translation to endoscopy via fibre optics is especially
promising. For PLU in particular, spatial resolution can be even further improved since
G Hz frequency ultrasound contains wavelengths similar to NUV optical wavelengths in
biological media. Coupling this with an optical fibre that delivers and collects the light,
the fierce attenuations of GHz frequency ultrasound can be somewhat mitigated by a
substantial improvement in the portability of the measurement system. The following
section will introduce Brillouin light scattering, followed by PLU, and finally the marriage
of these concepts: time resolved Brillouin scattering.

2.1 Brillouin scattering

In the late 19" century there was great interest in using the newly discovered theory
of electromagnetism, organised by James Clerk Maxwell, to describe a wide variety
of optical effects. The most obvious of these was describing the transmission of light
through the atmosphere, and the resulting range of colours. Lord Rayleigh developed
a theory of elastic scattering where he posited that small molecules in the atmosphere
scatter blue light much more intensely than red light, and used this to describe the blue
colour of the day-time sky [122, 123]. The process is elastic since the electric dipoles
of the atmospheric molecules are in resonance with the illuminating light, and therefore
re-radiate the same wavelength [16]. Following these discoveries it was then realised
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that since “the molecules of the atmosphere are in thermal motion, with velocities in un-
correlated directions, the wavelength of the radiation scattered from them will thus vary
within a range of 107° of itself” [124, 125]. In other words, if the scattering processes
are inelastic, where energy is exchanged between scatterers, the light will exchange
energy in a manner similar to the Doppler effect.

This concept of inelastic scattering was extended to the inherent thermal motions of
molecules in crystal lattices by C.V. Raman. It was also becoming more apparent that
these thermal perturbations were equivalent to miniature acoustic waves (phonons)
that propagate both intra- and inter-molecularly. The former constituting high frequency
oscillations (optical phonons) and the latter encompassing lower frequency oscillations
of the collective lattice (acoustic phonons). Similar to Raman, Leon Brillouin first theo-
rised the Doppler shift in frequency that should be experienced by light scattering with
an acoustic phonon. For the case of Raman and Brillouin scattering, as they came to be
known, the optical frequency shifts are directly related to the phonon frequency and the
geometry of the scattering interaction. Therefore techniques that are capable of quan-
tifying these shifts, serve as spectrometers for the mechanical identity and behaviour
of a substance from macroscopic to molecular levels, in a wide range of materials from
condensed matter to biological tissue [126, 127]. The development path of Brillouin
scattering in particular will be discussed in this section, beginning with a quantitative
treatment of the scattering process.

2.1.1 Physical basis
Maxwell’s equations

Light fundamentally consists of electric (E) and magnetic (B) fields (bold implying vec-
tors). These fields arise from the existence of electric charges and currents that per-
meate a given material. Mathematically the fields obey Maxwell’s equations, which in
a material with free charge density pr and free current density Js are represented as
[128]

V.D=pf (2.1) V.-B=0 (2.2)
oB oD
VxE=-—%" (2.3) VxH=Jr+ o (2.4)

In Equations 2.1-2.4, D is known as the electric displacement and considers the portion
of the total electric field that arises due to the electric polarisation (P) of the material
itself:

D=eE+P (2.5)
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where ¢ is the electric permittivity of free space. Similarly, the contribution to the
magnetic field from the magnetisation (M) of the material is given by H = ﬁB -M
where p is the magnetic permeability of free space. The electric polarisation encodes
the capacity for interaction between light and matter, and can be defined as the density
of electric dipoles (P) induced by the electric field:

P = coxE (2.6)

where x is defined as the (first order) electric susceptibility and is related to the relative
permittivity of the medium:
er=1+x (2.7)

which in turn determines the speed of light in the medium (non-magnetic material), and
therefore the refractive index n = /e,.

An electromagnetic field that exists, and therefore propagates in space and time,
must self-consistently solve Maxwell’s equations. The consolidation of these laws
comes in the form of the electromagnetic wave equation (e.g. with pr = Jr = 0):

¢, O%E

VE=—L——
c2 Ot2

(2.8)

For the case of a plane wave, Equation 2.8 is generally solved by a complex exponential
with amplitude E, that oscillates in space (e.g. z) and time (t)

E = Ege’(k#*t) (2.9)

with wavenumber k = 27 /X and angular frequency w = 27 f which are further related
by the fundamental relationship between velocity (v), frequency (f), and wavelength ()

v =X (2.10)

Due to the symmetry between electric and magnetic field solutions, it is usually suffi-
cient to describe a light wave in terms of the electric field alone.

Light-matter interaction

To determine the capacity for interaction between an optical wave and an acoustic wave
which are both propagating within an arbitrary piece of matter, it is necessary to define
an acoustic (plane) wave oscillating in space and time, manifesting as modulations in
the density of the material:

Ap = Agel(keztwat) (2.11)
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where Ap is the wave amplitude and k, and w, are the wavenumber and angular fre-
quency of the acoustic wave. Density fluctuations like this are intrinsically present in
any thermodynamic system, as energy states surrounding the average energy level of
the system (e.g. thermal equilibrium) are occupied and are interpreted as thermal fluc-
tuations (phonons) [53]. Also the fluctuations can arise by external means: an acoustic
wave pumped into the medium through a transducer. In any case, changes in mass
density give rise to a modulation in the permittivity (Lorentz-Lorenz relation) and there-
fore optical properties of the material [126], i.e. a refractive index grating:

0
Ney = 2 Ap (2.12)
Op
Therefore, using the Taylor series expansion for the permittivity, a more complete ex-
pression can be constructed:

€ =¢ + A, (2.13)

where €/ contains now the unmodulated and modulated permittivities for the medium.
Utilising Equation 2.7, the modulation in electric susceptibility induces the following
change in the polarisation

AP = ¢gAxE (2.14)

and contributes to the total polarisation in the medium [129]

a—XAp) (2.15)

P=Po+ AP = ¢E(x +
Op

where Py is now the unmodulated polarisation (Equation 2.6).
Now it is necessary to further define the applied field E as the incident field E; that
is probing the density fluctuation in the medium:

E; = Ejpe’(ki==vit) (2.16)

Evaluating Equation 2.15 for the incident field, and including the contribution from the
acoustic field (Equation 2.11) then gives the final field that has scattered with the per-
turbed medium

Piot = eoxEipe’iz—wit) 60’YA0Eioei((k"ika)zf(w"iwa)t) (2.17)

where the coefficient v has been introduced for the change in optical properties due to
a perturbation in density, v = ‘Z—fg. The first term on the right-side of Equation 2.17 is
the elastic component of the field that oscillates with the same frequency as the input
field. Conversely, it is apparent that the second term is an inelastic scattering process,
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as shown by the shift in frequency (and wavenumber) with respect to the incident field
f.=fi+f (2.18)

ke = ki = ks (2.19)

(given w = 2xf), a process known as Brillouin scattering [123, 129, 130]. The posi-
tive/negative sign for the acoustic wavenumber denotes whether the wave is co-propagating
or counter-propagating with the direction of the optical wave. Equations 2.19 and 2.18
serve as expressions for momentum and energy conservation, respectively. A scat-
tered optical field that has gained energy with respect to the incident beam is said to
have undergone an anti-Stokes shift (+7,), and a field that has lost energy - a Stokes
shift (—£,). In the context that the acoustic field occupies a moving reference frame, the
two scenarios can be interpreted as Doppler shifts. Ultimately, this shift in frequency
(and therefore wavelength) is the end result of Brillouin scattering, and serves as the
basis for a field of Brillouin spectroscopy whose aim is to construct a spectrometer
that is capable of measuring these small shifts in the spectrum of light which will be
discussed in Section 2.1.2.

Bragg condition

As the acoustic wave travels in space with wavelength ),, the optical field will scatter
at successive positions of the acoustic wavefront (Figure 2.1). Therefore, just as with
diffraction gratings, the relationship between the phase of the acoustic wave and the
phase of the optical wave will determine whether the scattered optical wavefronts either
constructively or destructively interfere. In order for constructive interference to occur,
a photon that scatters from acoustic wavefront #1 must have an m2« (integer value m)
phase difference with a photon that scatters from acoustic wavefront #2. Consequently
photon #2 travels an additional distance L (2d) compared with photon #1, which is
related to the acoustic wavelength by (see Figure 2.1):

L =2\;cosf (2.20)

This requires that photon #2 acquires an additional phase that is an integer multiple of
2T
A¢ = nkL = [nk2X,cosf = mzw} (2.21)

where k is optical and 6 the angle of incidence of the optical field with respect to the
acoustic field. Equation 2.21 is an expression of Bragg’s law, which was originally
derived for predicting X-ray diffraction patterns through the atomic lattices in crystals
[126]. By simplifying the terms in the brackets in Equation 2.21, Bragg’s law can be
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alternatively expressed as

>\probe
2= —— 2.22
2ncos@ ( )

where X,,ope is the optical probing wavelength (k = 27/X,,05e) and for the case of the
fundamental diffraction order (m = 1). Applying this to the case of the acoustic wave
travelling with velocity v the phase matching condition for Brillouin scattering between
the optical and acoustic fields can be written:

fo = 2™ o5t (2.23)

probe

For the special case of normal incidence, the expression reduces to

o = 2nv

2.24
)\probe ( )

which relates the optical frequency shift to the optical wavelength and the mate-
rial properties refractive index and sound velocity (Figure 2.1b). Given a coherent
monochromatic light source in the NUV-NIR range, and a typical biological material
(e.g. n~ 1.33 and v =~ 1500 m/s), the Brillouin shift and associated acoustic waves
will be in the GHz frequency range. Equation 2.23 serves as the central design equa-

(a)

incident
probe

acoustic
wavefronts “

Figure 2.1: Bragg’s law applied to the Brillouin scattering interactions (a). As pho-
tons Brillouin scatter with an acoustic wave, photons scattered by successive acoustic
wavefronts will experience different phase shifts as they travel an additional distance
2d (purple). In order for light to constructively interfere after scattering, the additional
L = 2d should produce a m2w phase shift (Equation 2.21). This condition is fulfilled
given the relationship between the optical and acoustic wavelengths in Equation 2.22.
(b) Visualisation of the Brillouin scattering interaction in matter; normal probe incidence
dictates that longitudinal phonons will be sampled. When the optical probe (green spot)
irradiates a stiff material with high sound velocity (central column), the light will expe-
rience a greater frequency shift than for softer materials (bottom right). Materials with
high viscosity (bottom right) will attenuate the acoustic fluctuation more quickly (shorter
acoustic path length) [131] (b) Reprinted by permission from Springer Nature: Springer
Nature, Nature Methods, Brillouin microscopy: an emerging tool for mechanobiology,
Robert Prevedel et al., Copyright (2019).
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tion for any optical system that seeks to measure Brillouin scattering. It shows that by
choosing the optical probe wavelength, the incidence angle of the probe beam, and a
material with properties [n,v], that the system will be able to measure inelastic photons
that have shifted by f5.

Quantifying viscoelasticity

By measuring the Brillouin frequency shift of an object or environment, one is able
to quantify the product nv. Going further, if the system contains a well-known and/or
characterisable refractive index, the fg measurement then directly quantifies the sound
velocity. This provides access to quantitatively measuring the elasticity of the material,
in the form of the real-valued longitudinal modulus:

M, = vp? (2.25)

where p is the mass density of the object. Similar to the refractive index, M,, can only be
considered quantified if the mass density is measured or known a priori. However, for
the case of weakly absorbing materials, the Lorentz-Lorenz approximates that n®> ~ p
and thus fg = 2v/M,/Xprobe [131]. Using the example of biological cells, tomographic
phase microscopy and optical diffraction tomography can be used to map subcellular
refractive index and approximate mass density, quantities which show little variation in-
tracellularly due to the domination of water content (60-80%) [132, 133]. Experiments
performed on Hela cells showed that refractive index varies by less than 1% intracel-
lularly, while mass density typically varies by less than 10% between major subcellular
components such as nucleoplasm/cytoplasm and nucleoplasm/perinuclear cytoplasm
(with the exception of the nucleoplasm/nucleoli which vary by 50%) [134].

It is useful to interpret the Brillouin frequency in terms of longitudinal modulus since
this quantity provides insight on the dynamic response of a material undergoing stress;
also, elastic moduli are already ubiquitous in metrology, material science, and clini-
cal settings. The stiffness or elasticity that Brillouin spectroscopy quantifies must be
conceptually differentiated from another standard modulus: the Young’s modulus (E).
Young’s modulus can be defined as the ratio between the uni-directional stress and the
resulting strain, given that the volume of the object is conserved [131, 135]. This is the
modulus typically accessed by atomic force microscopy (AFM), and normally achieves
units with ~ kPa order of magnitude. In contrast to this, the longitudinal modulus cor-
responds with compressions/expansions under which volume is not conserved, and
therefore is related to elasticity on ultrafast time scales generally producing values in
the GParange.

In addition to measuring elasticity, Brillouin scattering-based measurements also
provide access to the rate at which the elastic wave is attenuated by the medium,

54



and therefore its viscosity. This ties back to a complex expression for the longitudinal
modulus
M= M, + iM; (2.26)

where the loss modulus, M; = 2nfgn, is related to the medium’s resistance to displace-
ment, i.e. its (longitudinal) viscosity n = 2ap where « is the attenuation coefficient (see
Figure 2.1b) [131]. The methods for measuring and qualifying these measurements will
be discussed in the following sections.

A major advantage of Brillouin scattering is that acoustic properties of a material
can be measured using an optical system. When the system is capable of spatially
resolving elasticity throughout a sample, the technique turns into a powerful label-free
microscopy technique which obtains unique elastic information as a contrast mecha-
nism. Currently, there are two primary ways of achieving this: detecting the Brillouin
scattering spectrum in the frequency domain, or acquiring the acoustic wave itself in
the time-domain. The former of these will be discussed in the following section.

2.1.2 Brillouin microscopy

The concept of Brillouin microscopy is simply to measure viscoelasticity at one pixel in
a specimen, and then translate the specimen to a new pixel. Repeating this process
across the area of a specimen generally results in two maps: one of M, and another of
M;. In form, a Brillouin microscope is nearly identical to an optical microscope. Lateral
spatial resolution is determined by the optical wavelength and the numerical aperture
(NA) of the objective lens(es) used to deliver and collect light from the sample. Similarly
axial resolution is determined by the depth of focus of the optical system. In general
a continuous wave (CW) laser is illuminated onto the specimen with an objective lens;
the angle of incidence created between the illumination field and an arbitrary acoustic
wavevector will dictate the scattering angle, which equals the incident angle with re-
spect to the acoustic wavevector (Figure 2.1a). Consequently, the choice in collection
lens angle (with respect to the incident light) will dictate which acoustic wavevector,
and therefore which phonon frequency, is sampled; for conventional transmission or
reflection configurations the sampled phonons will be longitudinal.

The key difference between optical and Brillouin microscopy is that instead of us-
ing a scientific camera to record the optical intensity of a pixel, it instead captures the
Brillouin spectrum. The role of the Brillouin spectrometer is to map spectral dispersion
into spatial dispersion such that sub-GHz Brillouin shifts in optical frequency can be
detected, a capability not provided by conventional optical spectrometers. The early
method for achieving this was to send the Brillouin scattered light through an etalon,
i.e. a Fabry-Pérot interferometer [136]. As will be discussed in Section 2.2.1, the spac-
ing of the cavity serves as a bandpass filter at the optical frequency that is resonant.
Original Brillouin spectrometers then scanned the distance between the cavity mirrors,
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effectively producing a serial readout of the Brillouin spectrum (across the range of
frequencies scanned by the cavity) captured by a single pixel detector [136].

By the early 2000’s Brillouin spectrometers had begun to take on a new form. Non-
scanning interferometers were created by using an etalon that sits at an angle with
respect to the incident light. Consequently, each wavelength will refract out of the
etalon at a unique angle, and therefore the various frequency components of the Bril-
louin spectrum are spatially dispersed across a line of pixels in a CCD camera [137].
This methodology improved upon the slow acquisition speeds of the etalon-based spec-
trometers - that needed to be mechanically scanned - and led to the first 2D imaging
of heterogeneous samples [138]. However, these etalons were still too inefficient for
practical acquisition times because the entrance to the etalon was highly reflective and
therefore vastly reduced the number of Brillouin scattered photons making it to the de-
tector. In 2008 a significant breakthrough in Brillouin spectroscopy was achieved by
using a virtually imaged phased array (VIPA) to achieve both spatial and spectral dis-
persion (see Figure 2.2a) [127]. The transparent entrance aperture of the VIPA made
a 100-fold increase in efficiency possible and was used to Brillouin image biological
materials (ex vivo and in vivo) in 3D using a confocal microscope [127, 139]. The main
attractions for Brillouin microscopy are that it is non-contact unlike AFM or elastography
[140], provides label-free contrast of mechanical properties, and accesses elasticity on
time-scales that are relevant for small objects like cells.

Following these developments, Brillouin microscopy has been increasingly applied
to the life sciences (Figure 2.3). Opthoalmology has been a key application for Brillouin
microscopy, primarily due to the optical transparency of the eye anatomy thus allowing
light to penetrate more deeply into and out of the tissue. The change in cornea stiff-
ness for patients with keratoconus has been demonstrated experimentally showing the
promise for Brillouin spectroscopy as a diagnostic tool [141]. Furthermore, applications
for detecting changes in stiffness due to the presence of a tumour or plaque-buildup
are particularly promising as the technology continues to develop [142, 143]. Brillouin
microscopy has also been adapted for cell imaging where it was capable of demon-
strating the transformation in stiffness of a 3T3 fibroblast cell undergoing hyperosmotic
shock [144]. However, so far the technique has primarily been applied to the study of
transparent zoological tissue, such as zebrafish and mouse embryo [145-147].

The technologies discussed thus far all make use of spontaneous Brillouin scatter-
ing (SBS), i.e. detecting the natural density fluctuations that arise in samples. Figure
2.2 demonstrates a typical SBS spectrum acquired by a Brillouin microscope. Due to
the combined spatial and spectral dispersion provided by the VIPA, the Brillouin spec-
trum (at a single spatial position on the sample) is projected across a row of pixels on a
scientific camera (Figure 2.2b). The spectrum is composed of three primary features:
the central Rayleigh peak, a Stokes peak, and an anti-Stokes peak. The Rayleigh peak
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Figure 2.2: (a) Operational principles for a virtually imaged phased array (VIPA). Poly-
chromatic light enters the VIPA, which sits at angle, through a transparent window in
order to improve coupling efficiency. High reflectivity (R1) and lower reflectivity (R2) mir-
rors enable the incident light to be spatially dispersed. Due to the semi-transparency
of R2 light is partially refracted at a frequency dependent angle providing spatial dis-
persion [148]. The spatially dispersed Brillouin spectrum can then be imaged onto
a CCD sensor (b) where the different frequency components occupy different pixels
[127]. (c) The Brillouin spectrum consists of an elastic Rayleigh scattered peak neigh-
boured by two inelastic peaks which have been Brillouin shifted (fg = v in this report);
anti-Stokes and Stokes correspond with whether the photon gained or lost energy after
scattering respectively. The linewidth of the Brillouin peaks corresponds with the atten-
uation of acoustic energy within the sample [131]. (a) Reprinted from Optics Express,
23, Xinrong Hu, Qiang Sun, Jing Li, et al., Spectral dispersion modelling of virtually im-
aged phased array by using angular spectrum of plane waves, 1-12, Copyright (2015).
(b) Reprinted by permission from Springer Nature: Springer Nature, Nature Photon-
ics, Confocal Brillouin microscopy for three-dimensional mechanical imaging, Giuliano
Scarcelli and Seok Hyun Yun, Copyright (2007). (c) Reprinted by permission from
Springer Nature: Springer Nature, Nature Methods, Brillouin microscopy: an emerging
tool for mechanobiology, Robert Prevedel et al., Copyright (2019).

contains a mixture of elastically scattered (no frequency shift) light that originates from
Rayleigh scattering within the specimen, Mie scattering within the specimen, or stray
reflections from elements along the optical path. This is a relevant challenge of SBS as
the peak is often orders of magnitude stronger than the Brillouin scattering interactions,
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and may overlap with the spectral band of interest for small frequency shifts [127]. The
Stokes and anti-Stokes represent the negative and positive Brillouin frequency shifts
respectively. The real longitudinal modulus - which relates to elasticity - is obtained
by simply measuring the frequency shift of the peak maxima (Figure 2.2). The atten-
uation - the imaginary portion of the longitudinal modulus - of the sampled phonon is
measured by fitting and calculating the linewidth of the Brillouin peak.
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Figure 2.3: (B1) Brightfield and Brillouin microscopy of tissue from a living zebrafish
larva. Brillouin microscopy reveals the mechanical properties of the extra-cellular ma-
trix (ECM) lining the vertebra which dictates organ development and repair [146]. (B2)
Cell imaging using SBS, revealing that osmotic shock changes the stiffness of 3T3 fi-
broblast cells [144]. (B3) Optical and Brillouin images of a HCT116 tumour spheroid
revealing the stiff central region compared with the periphery of the spheroid. (bot-
tom right) Following treatment, it is shown that the centre of the tumour becomes less
stiff more slowly than the other regions [142]. (B4) (left) Brillouin microscopy of 3T3
fibroblast cells revealing the stiffness of the nuclei as confirmed by fluorescence (cen-
tre); (right) Confocal sectioning allows in-depth reconstruction [149]. All colour bars
are in units GHz, with the exception of (B3) (MHz). (B1) Reprinted from Biomedi-
cal Optics Express, 10, Carlo Bevilacqua, Hector Sanchez-Iranzo, Dmitry Richter, et
al., Imaging mechanical properties of sub-micron ECM in live zebrafish using Bril-
louin microscopy, 14201431, Copyright (2019). (B2) Reprinted by permission from
Springer Nature: Springer Nature, Nature Methods, Noncontact three-dimensional
mapping of intracellular hydromechanical properties by Brillouin microscopy, Giuliano
Scarcelli et al., Copyright (2015). (B3) Reprinted figures with permission from Jérémie
Margueritat, Angelique Virgone-Carlotta, Sylvain Monnier, et al., Physical Review Let-
ters, 122, 018101, 2019. Copyright (2019) by the American Physical Society. DOI:
https://doi.org/10.1103/PhysRevLett.122.018101. (B4) Reprinted from Biomedical Op-
tics Express, 10, Milos Nikolic and Giuliano Scarcelli, Long-term Brillouin imaging of live
cells with reduced absorption-mediated damage at 660nm wavelength, 1567, Copyright
(2019).
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There are two common challenges as it pertains to Brillouin microscopy and SBS:
parsing viscoelasticity within the optical PSF, and the inherent weakness of the spon-
taneous scattering process. In heterogeneous samples it is possible for the PSF to
encounter multiple sub-volumes with different viscoelasticity. This results in complex
Brillouin spectra where the Brillouin shifts from each sub-component can either add or
average together depending on the path length of the acoustic excitation [131, 150].
Heterogeneity also introduces difficulties when measuring acoustic attenuation; if the
acoustic wave encounters a sub-volume with different mechanical properties the wave
could prematurely attenuate, therefore introducing error to the viscosity measurement.
Furthermore, since the collection objective lens produces a range of spatial frequen-
cies, a range of Brillouin shifts are collected (Equation 2.23) producing peak broadening
that is unrelated to viscosity. Finally, due to the spontaneous nature of the density fluc-
tuations, only 1 out of approximately 1012 photons are Brillouin scattered, which places
an upper limit on the theoretical acquisition speed achievable with Brillouin microscopes
[127, 131]. This, in addition to the strength of the elastically scattered components of
the signal, contributes to the reality that Brillouin spectroscopy is so far limited to the in-
vestigation of largely transparent biologically tissue. Recently, techniques have begun
to emerge that circumvent this scattering efficiency limit by using non-linear electrostric-
tion processes [151] or laser ultrasonic transducers to actively generate GHz acoustic
waves. Nevertheless, the inherent inefficiency of the scattering process becomes a
relevant limitation when seeking to translate SBS from microscopy to endoscopy.

2.1.3 Brillouin fibre probe

The Brillouin microscope has demonstrated that fundamental mechanical information
can be obtained in a way that is non-contact and label-free. Naturally, the utility of this
technique can be further extended if the technology is translated into an endoscope.
Brillouin spectroscopy would no longer be limited to samples placed on a bulky mi-
croscope stage. Endoscopic technology would also simplify an element of Brillouin
imaging that is related to the opto-acoustic properties of the specimen.

The strength of Brillouin scattering varies according to a particular property of the
scattering medium: its photoelasticity. The influence of this property can be found
in the constant «y in Equation 2.15, and represents the amount by which the refrac-
tive index shifts given a unit change in density (e.g. when a material is stressed).
Many transparent materials show a strong propensity for high photoelasticity, which
partially explains the focused application of Brillouin spectroscopy and microscopy to
transparent specimens. If a Brillouin endoscope was successfully realised, bulk opti-
cal transparency would no longer be a strict requirement, as the endoscope could be
manoeuvred through opaque tissue towards a target with higher photoelasticity.

Coincidentally, the most useful tool for translating a microscopy technique into an
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endoscopic one - the optical fibre - is composed of a highly photoelastic material (fused
silica). For spontaneous techniques this means that the system will need to contend
with Rayleigh scattering from the pre-existing system (discussed above), Rayleigh scat-
tering from the optical fibre, and now Brillouin scattering from the optical fibre, all which
reduce the sensitivity needed to characterise the Brillouin peaks of a specimen.

As a consequence of these challenges, there are only two known optical fibre-based
Brillouin probe prototypes [152, 153]. The first device was originally designed using a
single optical fibre to deliver the probe wavelength through a GRIN lens which focuses
into the sample, and then the Brillouin back-scattered light is collected using the same
optical fibre. However, the Brillouin shifts of the test samples could not be measured
due to the following reason. Since the path length of the optical fibre is on the order
of ~ m, and the depth of focus of the GRIN lens is on the order of ~ 10 um, the
likelihood that light will scatter in the fibre-glass is 5 orders of magnitude greater than
in the sample (the ratio of the path lengths). In order to circumvent this, the design
was modified such that one fibre is used for delivery and another used for collection
(both terminated with the GRIN lens) as shown in Figure 2.4a. This avoids the Brillouin
scattering in the glass, since photons and phonons that co-propagate in glass do not
meet the phase matching criterion for forward scattering [130]. However, the dual-fibre
solution for improving the dominance of the glass material introduces another source
of signal loss. The ~ 125 um offset between the optical axes of the fibres means that
their focal planes after the GRIN lens will also be offset. Due to this lack of overlap, the
region in which Brillouin scattering is taking place will be collected inefficiently by the
detection fibre.

Recently, in order to solve these issues, replacing the two fibres with a single hollow-
core fibre has been proposed [153]. Still terminated with a GRIN lens, this single-fibre
approach improves the collection efficiency of the device while still avoiding the issue of
Brillouin scattering in conventional fibre glass (Figure 2.4c). These improvements have
allowed the device to achieve 1D line scanning of the Brillouin frequency of hydrogels
on the mm scale (Figure 2.4d), yet on the order of 45 minutes per line due to the
inherent weakness of the scattering process.

Following the advent of Brillouin microscopy, a number of techniques have been
developed in parallel which could offer a solution to the above issues. A particularly
intriguing solution is provided by laser ultrasonics which has also proved capable of
accessing the phenomenon of Brillouin scattering. Through the use of an optoacoustic
transducer, much higher amplitude acoustic waves can be driven through a specimen
compared with the random thermal fluctuations on which SBS relies. This results in
greater mechanical stress experienced by the probed volume, and therefore a greater
photoelastic response. In the following two sections, laser ultrasonics will be introduced
and discussed in the context of Brillouin microscopy and endoscopy.
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Figure 2.4: (a) Initial design for the SBS-based fibre-probe; since backwards Brillouin
scattering in the glass of the fibre dominates the probe, a second fibre is required for
detection with both fibres coupled directly to a GRIN lens. Using separate channels
results in spatially mismatched focal volumes for each fibre resulting in lower detec-
tion efficiency. [152] (b) Brillouin spectroscopy of various liquids using the set-up in
(a). (c) SBS-based fibre-probe which instead uses a hollow-core fibre in order to avoid
Brillouin scattering in glass and focal mismatch. Using this configuration higher SNR
spectra are achieved which has enabled 1D profilometry of hydrogels (d) [153]. (a-b)
Reprinted from Journal of Innovative Optical Health Sciences, 10, Irina V. Kabakova,
YuChen Xiang, Carl Paterson and Peter Torok, Fiber-integrated Brillouin microspec-
troscopy: Towards Brillouin endoscopy, 1742002, Copyright (2017). (c-d) Reprinted
from Biomedical Optics Express, 11, YuChen Xiang, Carin Basirun, Joshua Chou, et
al., Background-free fibre optic Brillouin probe for remote mapping of micromechanics,
6687-6698, Copyright (2020).

2.2 Picosecond laser ultrasound

Photoacoustics and laser ultrasound share the same basic excitation mechanism for a
given material: (1) optical absorption, (2) heat generation, (3) thermal expansion and
contraction, (4) which launches acoustic waves into the surrounding environment. The
key difference between the two is that with laser ultrasonics, a special absorbing layer is
used to control the properties of the acoustic waves; whereas photoacoustics is reliant
on the optical and mechanical properties of the specimen itself. For laser ultrasonics
in general, the light source (e.g. a laser) used to instigate this process, is called the
pump laser. This pump will encounter the absorbing material, which in this report,
will be referred to as a transducer, i.e. a structure which is capable of transducing
light and sound. Typically the pump laser is pulsed, such that the excitation event
is switched on and off, similar to the use of pulsing in photoacoustics. In order to
optically detect the propagation of the acoustic waves, a second probe laser is used;
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the presence of the acoustic wave will alter the optical properties of the transducer
and/or the surrounding environment which will be encoded on the probe laser and
recorded by an optical detector. For the probe laser, it is common to use both CW
and pulsed lasers; when using a pulsed laser, the timing of the probe pulse needs
to be progressively delayed with respect to the periodic pump pulse. This will allow
each successive probe pulse to detect a thin slice of the acoustic phenomena it is
interacting with. This can be accomplished by making the optical path of the probe
variably longer than the pump, and will be discussed in Section 4. The generation and
detection scheme described above is referred to as a pump-probe system, and the
technique: pump-probe spectroscopy.

In the 1980’s it became apparent that if ultrashort pulses of light were used in pump-
probe spectroscopy, e.g. pulse widths on the order of < 1 ps, that there was sufficient
time-discretisation to detect ultrafast phenomena. The application of this concept to
high frequency acoustics (e.g.f > 1 GHz) was coined picosecond laser ultrasonics
(PLU) or picosecond acoustics. Early development in this field stemmed from the work
of Thomsen et al in 1984. At that time it was known that the absorption of short laser
pulses by metals creates an excited electronic state within the material which in turn
causes a transient change in the absorbance of the material [121]. Thomsen et al then
noted that in addition to this electronic excitation, that the absorption of the (pump) laser
pulse causes a heat rise and thermal expansion within the metal (see Figure 2.5a for
transducer diagram); however, the heated region is localised to the optical skin depth
of the metal, which is on the nanometre-scale. Consequently, the thermal relaxation
process is carried out by phonons with wavelengths on this scale, corresponding to
acoustic frequency phonons (~ GHz — T Hz) [121]. Furthermore, if the excitation spot
is large with respect to the optical absorption depth, the generated phonon field can be
approximated as coherent, since it propagates primarily in the longitudinal direction.

A key realisation for Thomsen et al was that the propagation of these high fre-
quency stress waves causes strain within the metal. The presence of strain has two
key effects: (1) physical displacement of the metal boundaries (changes in thickness)
and (2) modification of the optical properties of the metal through the photoelastic effect
[154]. Initial experiments in the field of PLU focused on the first effect: after the gen-
eration of coherent phonons with a pump laser (with a a-As,Tes layer), a time-delayed
probe laser was made to transmit through this mechanically oscillating layer. The pe-
riodic changes in thickness caused the overall probe-absorbance of the layer to also
modulate, creating oscillations in the probe intensity at the detector (see Figure 2.5b)
[121]. When thicker metal layers were used, the period of these oscillations increased
(Figures 2.5b-c), since the strain pulses had to travel a longer distance to displace the
boundary (as they echo back and forth within the layer).

As the field developed, it became apparent that the second strain-induced effect:
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photoelasticity, could also be detected optically. As the probe beam travels through
a photoelastic material undergoing picosecond mechanical vibrations, the beam will
scatter at the position of the propagating strain pulse, i.e. the position where the optical
properties of the film are perturbed. In this way the probe intensity at the detector is
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Figure 2.5: Introduction to picosecond ultrasonics. (a) Diagram demonstrating the ba-
sic geometry for PLU: an opto-acoustic transducer generates strain pulses through
the absorption of a pump pulse; a time-delayed probe pulse is sensitive to boundary
displacement and photoelasticity [155]. (b-c) Monitoring strain pulse echoes through
the optical transmissivity (b) and reflectivity (c) of the probe beam (respective thick-
nesses d = 47, 90, 120, 160, 220 nm of a-As,Tes) [121, 154]. All signals contain
a fast spike at time delay zero due to electronic excitation, followed by a series of
slower acoustic events. (d) Modulation in optical reflectivity due to photoelasticity in
a-As,Ses (TRBS) [154]. (e) Simultaneous detection of TRBS (fast oscillations) and
acoustic echoes (step changes) in a-Ge (d = 1600 nm), Cr (d = 350 nm), and Cr
(d = 900 nm) from top to bottom. (a) Reprinted from V.E. Gusev and P. Ruello, Ad-
vances in applications of time-domain Brillouin scattering for nanoscale imaging, Ap-
plied Physics Reviews, 5(3), 031101, (2018), with the permission of AIP Publishing.
(b) Reprinted figures with permission from C. Thomsen et al., Physical Review Let-
ters, 53, 989-992, 1984. Copyright (1984) by the American Physical Society. DOI:
https://doi.org/10.1103/PhysRevLett.53.989. (c-d) Reprinted figures with permission
from C. Thomsen et al., Physical Review B, 34, 4129-4138, 1986. Copyright (1986)
by the American Physical Society. DOI: https://doi.org/10.1103/PhysRevB.34.4129. (e)
Reprinted from Optics Letters, O.B. Wright and T. Hyoguchi, Ultrafast vibration and
laser acoustics in thin transparent films, Copyright (1991).
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modulated by the propagation of the acoustic wave itself, and represents the acoustic
time of flight at a particular acoustic frequency (will be discussed in this Chapter). This
mechanism ultimately led to the realisation that Brillouin scattering could be observed
in the time domain through interferometric means, and was first demonstrated on semi-
conductor and transparent films (Figure 2.5d) [154, 156]. This manifestation of PLU is
called time resolved Brillouin scattering (TRBS), or time domain Brillouin scattering.

These developments inspired further milestones in the field of PLU, achieved by
Wright et al, who demonstrated that both surface displacement and Brillouin scattering
could be observed simulataneously in a transparent thin film [157]. This breakthrough
showed that the film thickness and sound velocity could be measured in parallel; the
thickness could be obtained from the timing of the strain pulse echoes, and the sound
velocity could be extracted from the frequency of the acoustic wave measured through
time-resolved Brillouin scattering (will be discussed in this Chapter). Wright also first
demonstrated that the spectrum of the phonon field resonating within the transducer
layer, could be detected through ultrafast surface vibrometry, and provides access to
mechanical information on an atomic or molecular scale [158]. This leads to a greater
realisation about PLU, that phonon and electron dynamics can be studied at room
temperature, as previous state of the art required superconducting equipment and en-
vironments [154].

Leading up to the year 2000, significant effort was dedicated to establishing the
mathematical formalism for PLU [121, 154, 157, 159]. In general, this required parti-
tioning the physics of PLU into two components: the elastic process and the optical
process. In reality these processes play out in three spatial dimensions; however, in
order to more easily model the phenomena it was important to introduce simplifying
assumptions, such as the requirement that the optical spot sizes (um — mm) be much
greater than the thickness of the metallic transducer (easily realised in practice since
the optical skin depth of metals is nanometric and therefore ~ 100 nm thicknesses
can be used). Such an assumption allows the problem to be reduced from 3D to 1D,
i.e. acoustic and optical plane waves. The aim is to then solve for the acoustic and
electric field solutions (quasi-independently), and ultimately couple the two processes
to model the optical signal one would expect from a PLU experiment. A source of
complexity when modelling this interaction is considering the effects of multiple opti-
cal reflections/transmissions in a structure. For this reason most theoretical work in
the field focused on 1-layer and 2-layer optical structures (e.g. a substrate layer and
a transducer layer) [154, 160]. It was not until 2002, that Osamu et al developed a
formalism which successfully modelled PLU for an arbitrary number of optical layers
[161].

This Chapter will now turn to exploring and mathematically approximating the elas-
tic and optical processes for PLU and TRBS, primarily using the formalism of Osamu
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et al. This will lead to the creation of an analytical model which simulates the design
and theoretical performance for the phonon probe and its optimisation. It will also pro-
vide a framework for modelling future transducers with added complexity (Chapter 7).
Initially @ method for approximating optical plane wave field solutions will be explored,
followed by the propagation of strain pulses (acoustic waves), and finally the coupling
of acoustics and optics.

2.2.1 Optical modelling

The aim of this section is to identify a method for solving the electric field at every
point in (one-dimensional) space in an arbitrary transducer-structure surrounding by
arbitrary media. Once the fields within the system are defined, the optical absorption
of the transducer can be modelled which will ultimately determine the generation of
elastic waves. Furthermore, by solving for the electric fields throughout space, the
optical detection system can then be propagated through the system in time; as this
probe beam encounters modulations to the optical properties of the structures, the
elastic behaviour of the material will be transduced into the optical detection system.
These principles will define the operation of the device proposed by this report, which
will allow its performance to be simulated and optimised.

As an incident optical wave (E;) encounters a change in dielectric (non-magnetic)
material (from material 1 to 2), part of the field will reflect (E,) and part will transmit (E;).
For simplicity, it is assumed that the fields are plane waves travelling in the z-direction,
are polarised in the % direction, and are time averaged such that e~/“! is constant,
resulting in the fields:

E; = Ejpe'h? (2.27)
E, = Ege 'l17 (2.28)
E, = E,oe'*? (2.29)

where +z in the exponent implies travelling in the positive direction (forward), and —z
in the negative direction (backward). When a field that is polarised tangentially (%)
to the plane of incidence (z) encounters a boundary, both the field amplitudes and
derivatives of the incident and scattered components must exhibit continuity, resulting
in the following boundary conditions [128]

E, +E —E, (2.30)

n1E,- — n1E, == ant (231)

Equations 2.30 and 2.31 can then be combined, and the following relationships are
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found between the ratio of the incident and reflected/transmitted field amplitudes:

Ero ny — no
= = 2.32
s <Ei0>5 ny + no (2.32)
Eo 2m
pr— p— 2'
s ( Eijo >s n + no (2.:33)

the well known Fresnel coefficients. Similar solutions are obtained for fields that are
polarised in parallel with the plane of incidence (r, and t,). Evaluation of the trans-
mitted and reflected power is attained by taking the squared magnitude of the Fresnel
coefficients:

R=rlrs (2.34)
T =t;ts (2.35)
A=1-R-T (2.36)

where Ais the absorbance. The fields thus far have been assumed as normally incident
to the boundary, which will be the case for the study in the report, however, the case of
oblique incidence yields [16, 128]:

ny cosB; — ny cos 0;

= 2.37
s ny cos@; + ny cos 6; (2.:37)

2nq cos 0;
t. = 2.38
* " nycosB; + npcos b ( )

The above demonstrates the transmission and reflection for the simplest geometry
of a single interface between two semi-infinite materials; if the input field E; is known
it is straight forward to determine the reflected and transmitted fields. However, for the
case of a multi-layer structure, the situation becomes more complex since the total field
in any single layer will also be composed of multiple reflections and transmissions from
all layers in the structure. In a geometry consisting of N-layers of arbitrary materials,
the total field in the m" layer can be expressed as the superposition of the forward and
backward propagating fields with amplitudes A,, and B, respectively (both fields are
polarised in x)

Ep = Apekmzm 4 B, e~ kmZm (2.39)

where z,, is the relative z-position within the mt" layer of thickness d,, and positive and
negative signs indicate forward and backward travel respectively.

Solving for the field amplitudes A,, and B, for each layer will then allow the total
field in the structure to be calculated. Consider the simple case of a structure containing
two layers, m and m + 1. Within layer m = 1 of thickness dj, the following four nodes
are defined (see Figure 2.6)

1. AL - forward propagating (left to right) field amplitude at left hand side (LHS) of
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Figure 2.6: Visualisation of the electric field propagation in two materials mand m + 1
with thicknesses d,,, and d,,,+1. For a field travelling from left to right (forward), the field
at the end of a layer (AR) will have undergone a phase shift over the path length k,,d,
compared with the field at the beginning of the layer (AL). Conversely, for a backward
travelling field, the left hand side of the layer will have been shifted in phase by —k,,dp,.

layer
2. AR - forward propagating field amplitude at right hand side (RHS) of layer
3. Bf - backward propagating (right to left) field amplitude at LHS of layer
4. BF - backward propagating field amplitude at RHS of layer

The change in field from the LHS to the RHS of the layer will be set by the propagator
etik1dt which produces the following system of field equations:

Ef = AL + BE (2.40)

ER = AR 4+ B = Abeid o ple—ilad (2.41)

which can be expressed more compactly using matrix notation:

AR ikidi 0 AL AL
1) _ (€ ) H=p |7 (2.42)
Bf 0 e 'hd ] \Bf Bt

and P; can be defined as the propagation matrix for material/layer 1. Now when the
total field in material 1, E; = A e’1? + Bye~f7 encounters the boundary between
materials 1 and 2, the boundary conditions in Equations 2.30-2.31 must be applied for
both the forward (A) and backward (B) propagating field components (on the LHS and
RHS of the boundary):

A1+ By =Ax+ B> (2.43)

n1A1 — n181 = n2A2 — n282 (244)
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or in matrix format:

b))l ) e
n —m B ny —ny B>

The field amplitudes in the second layer can now be solved by simplifying Equation
2.45:

-1
()2 () fs) mfe) e
Bz n —mn n —m Bl Bl Bl

where the scattering matrix D;, is defined and is equivalent to the Fresnel coefficients

1 (1 -
Dy = — 2 (2.47)
t12 —n»o 1

Using this transfer matrix method (TMM) the field amplitudes in material 3 can be com-

for materials 1 and 2 [162]

puted in terms of the amplitudes in material 1: (1) scatter from material 1 — 2, (2)
propagate through 2, and (3) scatter from material 2 — 3

As Ay
= D12 D>3
B3 Bl

This process can be further generalised for a multi-layer structure of N layers, where
layer O is the incident medium and layer N + 1 is the output medium [162]

A Ao
Y1) = Doy PLD12 Py Dos... Py D) (2.48)
Bn+1 Bo

where the product series can be defined as the transfer matrix, M:
M = Do1P1D12P>Da23...PnDy(no1) (2.49)

Also, the inverse of Equation 2.48 can be written

A _[A
) —m |7V (2.50)
Bo Bn+1
where M = M~ 1.

The power of the TMM is fully realised when at least two of the field amplitudes
Ao, Bo, An+1, Bn+1 are known, in addition to the thicknesses and refractive indexes
of each material in the structure. The most intuitive set of boundary conditions can be
defined for the case where light of amplitude 1 is incident to the structure from the 0t/
layer (LHS in Figure 2.7):
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Figure 2.7: Visualisation of an arbitrary multi-layer structure containing N + 2 layers.
In order to determine the electric field amplitude that will occupy each individual layer
(e.g. when the structure is illuminated), any two of the field amplitude values at the
boundaries are required (Ao, Bo, An+1, OF Byy1). Subsequently the TMM is used to
calculate the forward and backward propagating amplitudes in the m*" layer.

1. Ap = 1 - forward propagating incident field set to amplitude 1

2. By = r - backward propagating field on the side of incidence is simply the total
reflectance of the structure

3. Ayy1 = t - forward propagating field output from the structure is the total trans-
mittance of the structure

4. By+1 = 0 - since incident field is on the LHS there is no backward propagating
light on the output side of the structure.

These conditions lead to the following relationship

o) (e)- (22 22 )
r 0 M21 M22 0

where the total reflectance and transmittance are defined as [161-163]

Moy
r=— 2.52
My (2.52)
1
t= — 2.53
Vi (2.53)

which allow the Fresnel coefficients of an arbitrary optical structure to be determined
(see Figure 2.8). Using TMM, the field amplitudes in any layer can be computed by
simply halting the series in Equation 2.48 at the desired layer (Figure 2.7). Given
knowledge of the initial boundary conditions, the total field at every point in the structure
(Equation 2.39) can be determined; the above has derived this for the case of normal
incidence and s-polarised light.
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Figure 2.8 demonstrates an example of the TMM applied to modelling the optical
response of a Fabry-Pérot cavity which has been mentioned previously. The cavity
is defined by two partial mirror layers (silver in example) spaced by a highly trans-
parent cavity layer (glass in example). When the illuminating wavelength of light un-
dergoes 2w phase shifts for each round trip, constructive interference occurs giving
rise to resonant transmission and reflection. In Figure 2.8 this is shown by transmis-
sion/reflection minima and maxima at characteristic cavity thicknesses given a fixed
wavelength A = 800 nm. The TMM will be used in the following section to model the
absorption of the pump beam by the transducer, and the scattering of the detected
probe beam. Furthermore, the Fabry-Pérot cavity will be revisited in transducer-form in
Section 2.3.
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Figure 2.8: Optical modelling of a Fabry-Pérot cavity using the TMM. (a) Given an il-
lumination wavelength of A = 800 nm, a mirror material of Ag, and a cavity material
of glass the total transmissivity (T) and reflectivity (R) of the cavity is calculated as a
function of glass thickness. When the Ag mirror thickness is increased from 10 nm to
30 nm (increased reflectivity), the number of round trips within the cavity increases; for
cavity thicknesses where phase matching is not optimised cavity-interference will be-
come increasingly destructive with time. This results in a more narrow cavity bandwidth
and a higher finesse. (b) The modelling process is extended to iterate the thickness of
the mirror layer providing a way to comprehensively simulate a wide range of possible
cavity dimensions and parameters.

2.2.2 Opto-thermo-acoustic modelling
Generation

Now that the optical fields can be described in an arbitrary transducer, the photoa-
coustic effect that is responsible for converting absorbed pump light into mechanical
vibrations can be analytically modelled. First the initial conditions of the transducer
geometry and optical pump field need to be defined, e.g. in Figure 2.9:

70



e a planar geometry is assumed, consisting of N layers, and if desired 2 additional
layers representing the materials that are in direct contact with the transducer
(layers 0 and N + 1).

e the optical pump wavelength, \,,mp is set (with free-space wavenumber ky =
27 /Xpump), @nd is used to determine the complex refractive index in the m =
0,1,2,..N+1° layer: fim(Xpump) Where the complex refractive index is defined as
the complex sum of the refractive index (n) and extinction coefficient (k)

fi=n+ik=/e (2.54)

(note that the wavenumber is k,, = ko).

e the orientation of the structure is determined with respect to the incident pump
beam, which determines the initial boundary conditions for the TMM calculation
of the pump field throughout the structure. For example: Ao = 1 and By = r for a
pump field that is incident from the z = 0 side of the transducer.

Then the TMM is used to evaluate the forward and backward propagating pump fields
in each layer in the form of Equation 2.39. Subsequently, the work done by the pump
field on each layer in the structure results in the volumetric heating rate of the material
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Figure 2.9: Initial geometry and conditions for simulating strain wave generation
through optical absorption of the pump beam. A planar 1D geometry is assumed which
consists of an N-layer transducer, substrate (m = 0), and external medium/sample
(N + 1). The thickness and complex refractive index of each layer (at the pump wave-
length) is predetermined for the optical system. Boundary conditions for the system
are selected, e.g.: pump field with amplitude 1 incident from the substrate-side of the
system (top blue arrow), and the total field that occupies the LHS of the system is the
system’s total reflectivity (bottom blue arrow). Once initialised TMM is utilised to solve
for the field amplitudes in each layer.
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[161]

Q(2) = —V(S) = eqwnmkm(|Am|2e 2 mkozm 1| B, |2g2kmkozm 1

A B* eZinmkozm +A* B 672inmkozm) (255)
m=¥m m=m

(note the simplification of the exponents when evaluating the complex conjugates for

each summed term) where (S) = %E*E is the time-averaged Poynting vector, i.e. the
power density carried by the field [128]. Equation 2.55 represents the initial instan-
taneous heat rise throughout the space of the structure; after applying the volumetric
specific heat capacity of each layer (C,,) the instantaneous temperature rise (due to the

absorption of the pump beam) throughout the structure is calculated:

Q(2)
Cm

AT(z) = (2.56)

Due to the short pulse-width and high peak power of ultrashort pulses, the peak
power density experienced by the transducer can be several orders of magnitude higher
than a CW laser with similar average power. Consequently, much greater quantities
of electrons are excited within the atomic lattice of the structure resulting in electron-
electron collisions at ballistic velocities [164]. Eventually through electron-phonon cou-
pling and then phonon-phonon collisions, the phonons begin to diffuse the absorbed
energy (heat) into the lattice away from the hot spot [165]. In other words, the heat rise
creates thermal stress within the structure which relaxes in the form of strain pulses
that propagate throughout the system [121]. The initial strain profile (no(z)) (i.e. ther-
mal expansion) within the system will follow the temperature rise profile (Equation 2.56)
due to pump absorption [161]

_ 3BBAT(2)

= 1AT() (2.57)

no(2)
where B is the bulk modulus, g the linear thermal expansion coefficient, p the mass
density in the layer, v the sound velocity in the layer, and v has been introduced for
discussion in Figure 2.10. The propagation of this strain distribution for time ¢t > 0 is
equivalent to an acoustic field of the form:

n(z,t) = f(z —vt) + g(z + vt) + no(2) (2.58)

where f and g represent the forward and backward propagating waves respectively,
and ng is the time-independent initial strain owing to the thermally expanded state of
the sample [121]. For the special case of t = 0, the initial strain is distributed in both
longitudinal directions

n(z.0) = £(z) + g(z) = —mo(2) (2.59)
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and therefore f(z) = g(z) = —no(z)/2 [163]. Following this, the evolution of the strain
distribution over the time window of interest is computed by iterating t = [0, tenq] in
Equation 2.58; e.qg., for the path length of a ~ G Hz phonon the time of flight will typically
be on the order of t.,qy ~ 10 ns. This general process from optical absorption to strain
generation is visualised in Figure 2.10.

When a strain pulse encounters a boundary in acoustic impedance (AZ), Z = pv,
the acoustic wave will partially reflect and transmit just as with optics. Therefore at time
t; at the z-positions z;_; and z; straddling the boundary between the mth and (m+1)°t
layer (z = zm m+1), the boundary values for the forward and backward propagating
terms in Equation 2.58 will be composed of reflected and transmitted terms from the
previous time step (reference the diagram in Figure 2.11):

f(zi, tj)) = Tmms1f(zi-1. tj—1) + Rmt1,mg(zi, tj—1) (2.60)
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Figure 2.10: Process flow from absorption of the pump beam to the initial strain distri-
bution within the structure using the the example of a glass/Au/Ge/water geometry. (a)
The relevant material properties of each layer are predetermined: extinction coefficient
(km) which dictates optical absorption, «y,, a consolidation of mechanical constants (see
Equation 2.57), and C,, the volumetric specific heat capacity. (b) The optical power
transferred from the pump field to the structure leads to a distribution of the heat rise
throughout the structure (function of k,,) which is used to simulate the relative tem-
perature rise (c) (function of C,,). Finally the constant -y,, converts temperature to the
initial strain distribution within the structure (d). For time t > 0 this strain distribution
propagates in the positive and negative directions thus generating the acoustic field.
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Figure 2.11: Calculating the transmission and reflection of strain when an acoustic
impedance boundary between material m and m + 1 is encountered. Spatial node z;_;
occupies the mt" side of the boundary, the z; node occupies the (m + 1)t side.(a) At
time t;_; a forward propagating strain pulse located at z;_; is described by f(z_1, tj_1).
At time t; the pulse will have partially transmitted (to position z;) and reflected (to posi-
tion z;_1) according to the scattering coefficients (Equations 2.62-2.63). (b) The same
process is carried out for the backward propagating strain pulse in material m + 1. At
a single spatial node z;, the forward and backward propagating terms at time t; are
superimposed through Equations 2.60-2.61 and ultimately Equation 2.58.

g(zi—1.tj) = Tmt1,m8(zi, tji—1) + Rm,m+1f(zi—1, tj—1) (2.61)

where T,, m+1 and R, m+1 are the acoustic transmittance and reflectance:

Vm 2Zm
Tm m - 2.62
o Vm+1 Zm + Zm+1 ( )
Zm+1 - Zm
Rnmi1= =———=— 2.
=z (2.63)

Once the strain amplitude at the boundary has been calculated using the acoustic
scattering coefficients, these reflections and transmissions then propagate through the
system until they encounter another boundary. In this way, acoustic interference can
be used to design cavities which are mechanically resonant [166, 167].

The existence of longitudinal strain in an object results in its deformation, and there-
fore a displacement v of its interfaces:

_ Ou

== (2.64)

n

where 0z represents the discretisation of the spatial vector occupied by the object.
Consequently, for a multi-layered structure, the longitudinal strain in any one layer (at
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any instant in time) will result in the displacement of both that layer and the entire
attached structure. Therefore the total strain (Equation 2.58) within the (m-1)s* layer
has a cumulative effect on the total strain experienced by the mt" layer (all the way
through to the N/ layer) ultimately causing displacement of the mt" layer:

/

um(t) = /OZ n(Z', t)dZ’ (2.65)

(at every time step t) where Z’ is the spatial vector of the structure from z = 0 up to the
mth layer (dz’ will vary according to the sound velocity of each layer material) [161].

The above has described the generation and propagation of strain pulses in a multi-
layered structure given the following qualifiers: (1) the spot size of the pump beam is
much larger than the thickness of the multi-layer transducer, and (2) that the structure
is infinite in the x and y dimensions. With these two conditions a 1D analytical model is
set up where the elastic waves described above can be approximated as longitudinal
plane waves travelling in the £z direction. This greatly simplifies the calculation of the
acoustic fields since the longitudinal strain n = 7, is the only non-zero component of
the elastic strain tensor [154].

The generation bandwidth of the acoustic field will be dictated by the axial extent
of the strain pulse(s). Since the initial strain distribution follows the optical absorption
profile of the pump laser, the absorption length can be used to determine the upper
frequency limit of the transducer. Considering the extinction coefficient (k) from the
complex refractive index (Equation 2.54), the absorption coefficient of the material can
be written:

Ak

(2.66)

o =

>‘pump
which produces an absorption length of { = 1/a. Consequently, the acoustic frequency
spectrum in medium m will peak at

f, = % (2.67)
As an example, for a 150 nm gold film transducer and X,,mp = 390 nm, an absorption
length of ~ 16 nm will produce a strain pulse with peak frequency f, ~ 120 GHz. When
this pulse propagates into an adjacent water layer the frequency spectrum reveals a
frequency peak at f, ~ 40 GHz and a 3dB bandwidth of Afz4g ~ 135 GHz which has a
3dB cut-off at 4 ~ 140 GHz. This is confirmed by using the analytical model in this
section to simulate the strain pulse in water (Figure 2.12a) and its Fourier transform
(Figure 2.12Db).
Thus far the mechanism for generating GHz frequency acoustic plane waves has
been discussed. A generalised approach was outlined using a structure with an arbi-
trary number of planar layers of arbitrary materials. Often times a single metallic layer
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Figure 2.12: Frequency content of a high frequency strain pulse in water. The geometry
for this example is a 150 nm gold layer preceded by a glass substrate and followed by a
water medium. The unipolar strain pulse reflects at the glass/gold interface producing
the bipolar strain pulse. (a) Total strain over the first 80 ps experienced at the boundary
between gold and water due to the propagation of a bipolar strain pulse. (b) Fourier
transform of the strain pulse reveals its frequency content: f, ~ 40 GHz, Afzyp ~
135 GHz, and 345 ~ 140 GH:z.

is sufficient for photoacoustic generation, as will be shown in future sections. However,
the N-layer approach demonstrates the working principles and capabilities of the 1D
mechanical model presented. In the following section, the optical detection mecha-
nisms for high frequency ultrasound will be discussed.

Detection

A picosecond strain pulse can be optically detected if it perturbs the optical properties of
the material(s) in which it travels; when this occurs the reflection and transmission of a
probe beam will be modulated (Equation 2.32-2.33) and recorded by a photodetector.
In order to model this phenomenon the probe electric field should be solved for two
scenarios: before the transducer is perturbed and during perturbation, i.e. in terms of
the electromagnetic wave equation (Equation 2.8)

0’E w?

32 = sl t AdE (2.68)

where Ae is the permittivity perturbation [154]. Equation 2.68 can be rearranged and
relabelled in the following way

2

[6622 + kzeh(z)} E(z) = —k%in(z)E(z) (2.69)

where e,(z) = €(z) is the (unperturbed) bulk values along the stack and €jx(z) = Ae(z)
is defined as a perturbation (source of inhomogeneity). Equation 2.69 is analogous
to solving Maxwell’s equations (Equations 2.1-2.4) for the case of a non-zero charge
density (pr) and/or current density (Jf). Inhomogeneous differential equations of the
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form in Equation 2.69 are commonly solved by using Green’s method to rewrite the

equation in the form
2

[0622 + Ken(2)|G (2, 2) = —b(2 - 2) (2.70)
where the source (in this case €;s(z)) is treated as a delta function centred at position
7' (position of the strain pulse); solving Equation 2.70 for the Green’s function G(z, z')
(discussed in Appendix A) then provides a solution for the field in space E(z) (Equation
2.69).

At this point the mechanisms through which the electric permittivity are perturbed
(e;n) Need to be identified. The first effect is photoelasticity: the modulation of the
complex refractive index due to the presence of strain in an object. For the material in

the mt" layer the permittivity will vary by:
€p(z) = Pmn(2) (2.71)

where P,, = 0/i/dn is the photoelastic constant of the m*” layer. The second contribu-
tion to the modulation in optical properties of a material is when the material changes in
thickness, e.g. due to the propagation of strain within the material. In PLU this typically
amounts to thickness variations on the order of ~ pm, which for a 10 nm thin-film would
be on the order of 0.01% change in thickness. Consequently, the effect can instead by
approximated by a change in permittivity only when z = z,, at the mt" boundary [163]:

€m— €my1 fOrum >0, zpn <z < zm+ Un
€d = \€ms1 —€m fOrum<0; zm+um<z<zy (2.72)

0 otherwise

where the sign of the variation depends on whether the boundary displacement is pos-
itive (expansion) or negative (contraction). Finally the total perturbation in permittivity
can be written

€ih = €p + €g (2.73)

Recall the basic mechanism of optical detection with PLU: (1) a strain pulse is gen-
erated by the transducer due to the absorption of a pump pulse, (2) a probe pulse
samples the excited region at one instant in time (t1), and (3) repeat steps (1-2) but
with the probe pulse time-delayed such that it samples instant t; in time (tx > t1). Then
through the relationship z/ = v,,t the electric field value at every instant in time can
be reconciled with the position of the strain pulse (z') that moves with velocity v,, in
material m. Now an analytical expression for the total reflected field E(z) at every in-
stant in time/space can be solved by combining Equations 2.73 with the field solutions
for the homogeneous and inhomogeneous contributions (see Equations A.6 and A.9 in

77



Appendix A) [161]

ikge ko

E — A ikoz B —ikoz
(z) o€ + bpe +72k0/40

0 : ’ ; ’
[/ Pon(zl)[Aoelkoz + Boe—lkoz ]del
z

N+1 .4, ] , ) ,
+3 / P2 + 2o 1)[Ame™ ™ + Bpe *n?2dz  (2.74)
m=1 0

N+1
+ Z (Am + Bm)2[€mfl - €m]umfl

m=1

This is for the case that the m = 15t layer of the transducer begins at z = 0 and
that the detector lies somewhere z < 0 in the m = 0 region. Note that the first two
terms in Equation 2.74 represent the homogeneous solution in the m = 0 layer for
the unperturbed structure (Ep). The first term in the brackets containing Py represents
the electric field contribution due to the photoelastic effect in the m = 0 layer, and the
following summed term containing P,, represents the total contribution from all m > 0
layers at position z/ = vt in time. The final term, represents the contribution to the field
made by the movement of the interfaces for each layer.

After considering that the detector is at some arbitrary position z = z4.; in the region
z < 0 the relative change in the reflection coefficient of the probe due to the propagation
of strain waves - ér/rp = (r — rg)/ro - can be written [161]

6r /k() 0 : ’ . ’
R P "\A ikoz B —ikoZ 2dl
T | [ o e s e P
N+1 .4, ] , ) ,
+y / P2 + 2 1)[Ame™ ™ + Be~i*mn?2d! (2.75)
m=1 0
N+1
+ Z (Am + Bm)z[em-l - em]um—l
m=1

(recall r in Equation 2.32) where rp = by/ap is the reflection coefficient of the unper-
turbed structure which is determined by Equation 2.52. A field solution similar to Equa-
tions 2.74 and 2.75 can also be written for the case of the transmitted portion of the
probe beam, which can be detected in the N + 1°t layer (z > zy region) of the structure.
At the detector the optical signal described by Equation 2.75 will register as an inten-
sity; consequently, the experimental signal can be modelled by calculating the relative
change in reflectivity:

i’f =2. Re(ior) (2.76)
Since this analytical model retains the relative optical phase of the probe field, the imag-
inary portion of Equation 2.75 can also be utilised; a suitable interferometric detection
scheme can be modelled by considering 2 - Im(ér/ro).

The signal presented in Equation 2.76 is referred to as the modulation depth. This is
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distinct from solely the modulated (shorthand: AC) portion of the signal (AR); normal-
ising the AC component of the signal by the mean (shorthand: DC) reflectance of the
structure (Ry) allows transducer structures with different optical properties to be com-
pared in terms of their sensitivity to strain propagation. Following the instantaneous
temperature rise due to pump absorption, Equations 2.75 and 2.76 model the reflected
probe signal for each successive instant in time that the strain pulses propagate, e.g.
from t = [0, 10] ns. When using this analytical PLU-model to make experimental predic-
tions or design planar transducers it is useful to identify relationships between the input
optical intensities of the pump and probe beams and the following parameters. Notice
in Equation 2.75 that the probe signal field is proportional to the strain and displace-
ment terms, n and u,,, (Which are proportional to each other), and through Equations
2.55-2.57 are found to be proportional to the intensity of the pump beam

AR

7NUN77N

Ro Tpump

where n and u are synonymous with the acoustic amplitude A,.. Furthermore, Equation
2.75 reveals that the final modulation depth signal is proportional to the intensity of the

probe beam:

AR
Rio ~ Lprobe

Therefore, the following relationships can be drawn:

AR
Rig ~ Aaprrobe ~ IpumpIprobe (277)

which given a shot-noise limited photodetector results in the following relationship be-
tween beam power density and the final SNR of the TRBS signal

SNR ~ Ioumpy/Iprobe (2.78)

A crucial outcome from the above operating principles, is that just like spontaneous
Brillouin scattering, PLU is inherently sensitive to the photoelasticity of a specimen.
Unlike spontaneous Brillouin scattering, PLU has the advantage that the excited trans-
ducer actively pumps broadband strain pulses into the medium/specimen of interest.
In principle a spontaneous Brillouin spectrometer should be capable of detecting the
inelastic wavelength shifts in a photoelastic region that has been excited by the PLU
generation mechanism. However, the following section will show that the PLU-detection
mechanisms are capable of obtaining similar information to a Brillouin spectrometer.
This has been exploited by the emerging field of time resolved Brillouin scattering which
synergises Brillouin spectroscopy with PLU.
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2.3 Time resolved Brillouin scattering

Now that the principles of PLU have been revealed through the mathematical formal-
ism of Osamu et al [161], this section will revisit and expand upon the concept that
PLU is capable of observing Brillouin scattering in the time domain, first discussed in
Section 2.2. Unlike spontaneous Brillouin spectroscopy which detects spectral shifts in
optical frequency, PLU is insensitive to the spectral information of the detected probe
light. Instead, PLU must interferometrically observe the time-of-flight of the propagat-
ing phonon from which the probe beam scattered [156, 159]; this process is aided
by the built-in ultrasonic generation process for PLU. By actively generating coherent
phonon fields, PLU avoids the reliance on the random thermal fluctuations of incoher-
ent phonons that naturally arise in a specimen. The PLU-based approach to observing
Brillouin scattering has been coined time resolved Brillouin scattering (TRBS), or time
domain Brillouin scattering (TDBS), and operates in the following way.

Recall that the total reflected electric field in Equation 2.74 is set up when a time-
resolved pump-probe optical system (discussed in Chapter 4) is used to excite a laser
ultrasonic transducer and monitor the modulation of the probe beam that has inter-
acted with the excited environment. Evidently, according to the second summed term
in Equation 2.74 containing the variable P,,, the field variation from the m®" layer is
determined by: the integration of the photoelastic perturbation in permittivity (Equation
2.71) and the intensity of the probe field. However, it becomes apparent that the electric
field contains an additional phase term ~ e*/2kmZ (after taking the squared sum of the
fields). Compared with the wavevector of the optical probe, this phase term differs by a
factor of 2n

A
>\signal = p2r;be = >\a (279)

which is identical to the phase matching condition for the Bragg diffraction process that

occurs during Brillouin scattering between an optical wave A,,.5e and acoustic wave A,
(Equations 2.22 and 2.23, for the case of normal probe incidence). Subsequently, the
solution for the scattered probe field will contain a total wavevector of

e—ikoz | gtikaz , g—i(kotka)z

where e~ %7 has come from the term preceding the brackets in Equation 2.74. This
is the same result as conventional Brillouin spectroscopy shown in Equation 2.15: the
Brillouin scattered beam will experience a wavelength shift with respect to the incident
light.

PLU detection of Brillouin scattering is still inherently challenged by the fact that
only 1 out of ~ 10° photons Brillouin scatter with the acoustic wave [168]. Despite the
6 orders of magnitude improvement in scattering efficiency over spontaneous Brillouin
scattering, the TRBS process is still a relatively weak process, and is dominated by the
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DC portion of the field Epc = Ey. Consider the simplified version of Equation 2.74 into
DC and AC portions
Eget = Epc + Eac

At the detector the intensity will then be
Tger = EE)C + E,24C + 2EpcEac

where Epc >> Eac. Due to the existence of both elastic and inelastic light at the detec-
tor, TRBS naturally provides a mechanism for heterodyne detection as demonstrated
by the interference term 2Epc Eac. Now the detected intensity is normalised to achieve
modulation depth (Equations 2.75-2.76) and the appropriate phases applied

Iget 2Epc - e*0ZEpc - eilhotka)z  poe
~ ~ e a

: 2.
Ipc Epc - efkoz Epc (2.80)

to reveal that probe signal intensity will be modulated at the phonon frequency, which,
as expected is the beat frequency for the interference of the DC and AC terms. This
outcome is easily seen in the expression for the modulation depth in Equation 2.75,
with the wavevector of the signal being e/?km = efka,

Figure 2.13 shows an example of this intrinsic heterodyne process created with PLU
detection for the case of a non-attenuating f, = 5.11 GHz frequency phonon in water
(Aa = 293 nm) and a fprope = 380 THz (Aprobe = 780 nm) probe field. The elastically
reflected light (orange) propagates at frequency f,.o1e, While the inelastically scattered
light (yellow) propagates at frequency f,.obe + f2 (Equation 2.18). The superposition
between the two fields at the detector (last term in Equation 2.80) results in an inter-
ference pattern (blue) with beat frequency f,, which is characterised by fast Fourier
transform (FFT).

As a result of the above TRBS detection process, a unique feature of PLU becomes
apparent. Since the instantaneous phase of the detected propagating phonon is en-
coded on the phase of the optical signal, TRBS is capable of reconstructing the acoustic
time of flight. Crucially, this time-domain signal can be analysed in the frequency do-
main through FFT, in order to characterise the Brillouin frequency shift (Equation 2.24)
and elasticity. Furthermore, viscosity can be accessed by measuring the amplitude
decay of the phonon in the time-domain, rather than relying on ambiguous spectral
linewidths. A key benefit to TRBS compared with conventional Brillouin spectroscopy,
is that axial resolution is provided by the acoustic wavelength (~ 100 nm) instead of the
optical depth of focus of a Brillouin microscope (~ 10 wm). This axial resolution can
then be used to resolve changes in phonon frequency (i.e. elasticity) or instantaneous
phase below the optical diffraction limit while still maintaining optical lateral resolution
through the use of microscope objective lenses.
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Figure 2.13: Simplified demonstration of the heterodyne detection process for TRBS
in water with a probe wavelength of A,,.,e = 780 nm. (a) Inelastically scattered light
(yellow) has shifted in frequency by Af ~ 5 G Hz with respect to the elastically scattered
light (orange). This shift is unnoticeable in the zoomed-in time of flight for the optical
field (b). However, the superposition of the elastic and inelastic fields (blue in (a-b)) will
be modulated by a lower frequency beating between the two fields. (c) Through low
pass filtering this low frequency oscillation is isolated and its frequency characterised
by FFT as the sampled phonon frequency fg ~ 5 GHz.

Figure 2.14 demonstrates using the PLU-model to simulate TRBS (Equations 2.75-
2.76). A single metallic thin-film is irradiated by a pump pulse to produce strain which
travels into the surrounding medium. The refractive index and sound velocity in the
medium (e.g. water or polystyrene) dictates the measured Brillouin frequency. A sec-
ond probe beam Brillouin scatters as it propagates through the medium, and produces
the TRBS signal shown in Figure 2.14a containing the frequency spectra (FFT) for each
medium in Figure 2.14b.

Following the above developments in the theory of PLU and TRBS, the potential
for using these techniques as a basis for microscopy was soon realised. In particular,
the technologies showed promise for application to bio-imaging since they could be
implemented with non-contact, label-free, and high resolution operation. However, sig-
nificant development in instrumentation was needed to realise this potential; especially
with regards to the acquisition speed of the pump-probe measurement system which
will be introduced and discussed in Section 4.1. In the following section the application
of PLU, and in particular, TRBS to microscopy will be discussed.
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Figure 2.14: Basic example of using the PLU-model to simulate TRBS with a transducer
and the external medium: water or polystyrene (PS). (a) Geometry assumed for the
simulation: the pump beam is incident from the substrate side of the system and the
probe beam from the medium side, and the optical probe wavelength is set to A, ope =
780 nm. The optical beating between the elastic and inelastic photons gives rise to
the modulation depth shown in (b). (c) FFT is used to cast the time-resolved signals
in (a) into the frequency domain. Due to the differences in refractive index and sound
velocity between water and PS, the measured Brillouin frequency (frequency position
of the peaks) will differ when either medium acts as the external medium.

2.3.1 PLU-based microscopy

The first single-point TRBS measurements were performed on a sub-cellular scale in
the early 2000’s [169]. This was achieved using a bulk titanium substrate as an opto-
acoustic transducer, on top of which sat onion cells. A high NA objective lens was used
to direct the pump and probe pulses through the top of the cell and create a ~ 1 um
diameter spot for the thermoelastic generation process and high spatial resolution. The
degree of overlap between the pump and probe spots overlap is crucial since the probe
field will experience maximum modulation where the strain amplitude per unit volume
is maximised [161]. The spatial resolution for the microscope was sufficient to mea-
sure TRBS in sub-cellular components such as the nucleus and vacuole. In these
organelles, the measured Brillouin frequency shifts differed by over 1 GHz, which un-
der the assumption of homogeneous refractive index, corresponds with approximately
a 400 m/s variation in measured sound velocity (Equation 2.24). Additionally, quanti-
ties such as the attenuation of the acoustic wave could be measured with ~ 250 nm
axial resolution using the acoustic wavelength. These initial experiments pointed to-
wards TRBS’ ability to measure viscoelastic-related properties of biological media and
motivated the first 1D scanning of Brillouin frequency across onion cells [170].

As instrumentation continued to improve, the first images of cells using PLU soon
followed [171-173]. From these measurement systems, two general approaches to
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PLU-based microscopy evolved:

A. all-optical GHz ultrasonography
B. TRBS imaging

1. single-layer metallic transducer —

2. Fabry-Pérot cavity transducer — A. TRBS imaging

Case #1 represents the most widespread transducer architecture: a single metal-layer
typically fabricated of Ti and with thickness > 100 nm [174]. The transducer is usu-
ally fabricated onto a sapphire substrate, which along with the transducer thickness,
is meant to optimise thermal conduction following the pump-induced heat rise [171].
In all cases the pump beam is illuminated from the beneath the substrate/transducer
which houses the specimen on top; due to the thickness of the transducer, the pump is
absorbed within the first ten’s of nanometres of the layer and generates a broadband
phonon field with frequencies up to ~ 100 GHz [171, 172]. This broadband packet then
travels from the bottom of the transducer to the top interface with the cell where it re-
flects and transmits into the specimen. Cases #1A and #1B represent two detection
mechanisms used in this configuration; in #1A the probe pulse is also delivered from
beneath the transducer. As strain pulses reflect from the transducer/cell interface and
impinge on the substrate/transducer interface, the displacement of the layer modulates
the reflectivity of the probe beam. By analysing the amplitude of the reflected echo
as a function of frequency, the technique is capable of measuring surface variations in
cellular acoustic impedance and adhesion [171].

In case #1B, the single Ti layer is again used as a thermoelastic source of broad-
band ultrasound, yet the probe beam is made to pass through the specimen and par-
take in TRBS. Imaging is performed by measuring the TRBS signal at a single position
in the cell, which is then scanned in x and y. Elasticity-related properties such as
the Brillouin frequency are attained by Fourier transforming the time-domain signal into
the frequency domain; which when done recursively for each pixel creates a 2D Biril-
louin frequency map. The time-domain signal can also be subjected to time-frequency
analysis (Section 4.2.2), to extract Brillouin frequency in the axial direction [172, 175].
Through Bragg’s law (Equation 2.22), this allows z-sectioning of the specimen with
sub-optical wavelength phonons. Regarding the experimental set-up for case #18B, itis
possible for the pump beam to be delivered either from beneath the substrate [172, 176]
or through the cell [175]; whereas due to the optical opacity of the > 100 nm Ti trans-
ducer, it is compulsory to deliver the probe through the cell in order to measure cellular
Brillouin scattering. In both instances, one or both of the following caveats emerge: (1)
the cell is directly exposed to fs-radiation often with phototoxic NUV wavelengths [172],
or (2) difficulty aligning overlap between oppositely incident pump and probe spots.

Hybrid systems have also been developed that are capable of performing cases
#1A and #1B in parallel [174]. The microscope is configured such that the pump and
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probe can both be delivered from above the cell and beneath the cell/transducer (see
Figure 2.15). This allows simultaneous impedance imaging (when both beams are in-
cident from beneath) and Brillouin imaging (probe beam from above the cell) [177].
Measuring impedance and Brillouin frequency enables a unique ability to measure an
approximation of cell density at the cell/transducer interface. This is particularly rele-
vant for Brillouin scattering-based imaging in general, as refractive index and density
are quantities which must be unambiguously measured in order to quantify elasticity
(longitudinal modulus). Nevertheless, this novel capability has only been proven for the
case of dehydrated cells which demonstrate greater impedance mismatches compared
with live cells in medium.

State of the art transducer design for PLU-based imaging was limited to single
(quasi-bulk) layers of metal until the emergence of Case #2A, a technique called
phonon microscopy which focused on TRBS imaging. This design replaced the sin-
gle layer with a low order Fabry-Pérot cavity, known as an opto-acoustic transducer
(OAT), made from two Au partial mirrors spaced by a indium tin oxide (ITO) cavity (Fig-
ure 2.16a) [166]. By carefully designing the thicknesses of the Au and ITO layers, the
degree of optical interference within the cavity can be controlled; this results in spe-
cific wavelengths resonating in the cavity leading to strong transmission and reflection
characteristics. From this perspective the transducer cavity was initially designed us-
ing the TMM to solve for the Fresnel coefficients (Equations 2.32-2.35) over a range
of mirror/cavity thicknesses at pump and probe wavelengths of A,ymp = 390 nm and
Aprobe = 780 nm. This Fresnel model was utilised to optimise the following properties:

e maximise transmission of the NIR probe wavelength (see Figure 2.16b)

e minimise the transmission (Equation 2.35) of the phototoxic NUV pump wave-
length to prevent cell exposure (see Figure 2.16c)

e ensure that the cavity spacing still sufficiently absorbs the blue which corresponds
with high amplitude strain pulses (Equation 2.77).

If all the above is realised, it is then possible to deliver both pump and probe
beams from beneath the transducer/specimen; since the probe is resonantly trans-
mitted through the cavity, it can then pass through the specimen and Brillouin scatter
with the phonon wavefronts and ultimately continue onward to a collection lens and de-
tector. This is enabled due to the semi-transparency of the cavity, made possible due
to the transmission resonance and transparency of the ITO cavity layer. All designs
discussed thus far integrate the transducer directly into a brightfield microscope con-
figuration which allows specimens to be located optically before performing PLU. With
quasi-bulk Ti layers, brightfield imaging is limited to reflection configuration only and
must contend with strong reflections from the metal which leads to low contrast and
camera saturation. With a semi-transparent cavity greater flexibility for brightfield imag-
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Figure 2.15: Example of a coventional TRBS transducer and imaging capabilities. (a)
Typically a quasi-bulk layer of Ti is used for thermo-elastic generation with the pump
beam incident from beneath the transducer. The probe can be configured to impinge
the transducer/specimen from below or above the transducer. When incident from
above the specimen (probe #1) the system is capable of mapping cellular Brillouin
frequency (b). Alternatively, when the probe is incident from beneath the transducer
(probe #2) the acoustic impedance mismatch at the transducer/cell interface is mea-
sured as strain modulates the optical response of the transducer (c). Due to the opacity
of the transducer, probe #?2 is unable to participate in Brillouin scattering through the
sample. (b) and (c) are examples from a hybrid TRBS microscopy in which probe paths
#1 — 2 are run in parallel (iPOM) [177]. (b-c) Reprinted from Journal of Biophoton-
ics, 12, Bertrand Audoin, Marie-Christine Durrieu, Laurent Plawinski, et al., Label-free
multi-parametric imaging of single cells: dual picosecond optoacoustic microscopy, 11,
Copyright (2019).

ing is enabled since illumination can be collected in reflection or transmission mode,
while also increasing overall contrast. Furthermore, since pump and probe are deliv-
ered to the sample through the same objective lens, the overlap between pump-probe
spots is greatly simplified leading to more efficient TRBS.

Following these innovations, phonon microscopy was among the first techniques
to report the successful imaging of biological cells (3T3 fibroblasts) using PLU [173].
Compared with competing TRBS-imaging techniques, the cavity produces heat at a
much lower rate than single Ti-layer transducers where NUV is delivered through the
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cell, and similar heating characteristics to techniques where only NIR is delivered
through cell (see Figure 2.17) [178]. Furthermore, the PLU-model can be used to sim-
ulate the TRBS signal strength (Equation 2.77 or the analogus AT /Ty) of the various
transducer types; the generation and detection efficiency of the Fabry-Pérot appears
to show the highest SNR normalised for input beam power [178]. Combining the SNR
with the lack of UV exposure has allowed phonon microscopy to become the first TRBS
transducer technology that is capable of imaging living cells (alive before and after
scanning) (Figure 2.18) [168]. What's more, it was shown that the instantaneous Bril-
louin frequency along the signal time-of-flight could be used to z-section the specimen
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pump
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Figure 2.16: Device concept for the OAT. (a) The OAT geometry is a nanometric Fabry-
Pérot cavity consisting of gold partial mirrors (20 nm) spaced by the transparent material
ITO (transparent at thickness 140 nm). Both the pump and probe wavelengths are
incident from beneath the transducer; due to the partial transparency of the cavity the
probe beam is capable of performing TRBS and is collected for detection above the
specimen. This configuration for the beams simplifies spatial overlap for the pump
and probe. (b-c) Transmission spectra for the probe and pump wavelengths (Aprope =
780 nm and A,,mp = 390 nm respectively) as a function of Au/ITO thicknesses. The
OAT dimensions are selected to maximise Tp,ope and minimise Tpump.
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with using sub-optical wavelength phonons [168].

PLU and TRBS imaging techniques are relatively young with the earliest proof of
concept being first demonstrated in 2015 [171-173]. As such, the exploration for appli-
cations of the technology is still in its early stage. To date PLU has been applied to a
number of cell types: human mesenchymal stem, osteoblastic, osteosarcoma, cardiac,
3T3 fibroblast, Toxoplasma-infected cells, adipose, HelLa, Acanthamoeba castellani,
and PC12 (neuron-like) (Figure 2.18) [168, 171, 173, 176, 178—180]. Many of these ex-
periments have quantified novel elastic signatures of the nuclear mechanical network
[179] or the process of encystation [180]. One of the main challenges that faces PLU-
based cell imaging is increasing the acquisition speed of the instrumentation (Section
4) to allow real-time operation. On a similar note of applicability, PLU and TRBS are
without endoscopic/optical fibre-based technology, which will be discussed in the next
section.
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Figure 2.17: Comparison of the OAT with other conventional PLU transducers used in
TRBS microscopy. (outer) Finite element method was used to simulate the steady-state
temperature rise (at the transducer/specimen interface) produced by the transducer
type shown in Figure 2.15 (orange and blue curves) and the OAT (yellow-sapphire
substrate and purple-diamond substrate). The temperature rise measured by the blue
curve (conventional) achieves the lowest specimen heating since it uses Si instead of
sapphire (approximately 7 times more thermally conductive). (inset) Comparison of
TRBS signals for each transducer type using the PLU-model, showing the combination
of generation and detection efficiency of the resonant OAT device [178]. Reprinted
from Fernando Perez-Cota, Rafael Fuentes-Dominguez, Salvatore La Cavera, et al.,
Picosecond ultrasonics for elasticity- based imaging and characterization of biological
cells. Journal of Applied Physics, 128 (16):160902, 2020, with the permission of AIP
Publishing.
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Figure 2.18: Imaging capabilities of phonon microscopy and the OAT design. (B1)
Brightfield (a) and Brillouin frequency maps of an adipose cell. (c-d) In-depth sectioning
capabilities of the phonon microscope using 280 nm wavelength phonons [168]. (B2)
Brightfield (a) and Brillouin frequency maps (b) of living 3T3 fibroblast cells [168]. (B3)
Phonon microscopy applied to cardiac muscle cells (a,d), Toxoplasma gondii cellular
infection (b,e), and stem cell differentiation into adipose cells (c,f) [178]. The sensitivity
of phonon microscopy to cellular elasticity is exemplified by imaging the transformation
of Acanthamoeba castellani (c) into a hardened cyst (d) [180]. All colour bars are in
GHz. (B1-B2) Reprinted from Nature Scientific Reports, 6, Perez-Cota, F., Smith, R.,
Moradi, E. et al., High resolution 3D imaging of living cells with sub-optical wavelength
phonons, 39326, Copyright (2016). (B3) Reprinted from Fernando Perez-Cota, Rafael
Fuentes-Dominguez, Salvatore La Cavera, et al., Picosecond ultrasonics for elasticity-
based imaging and characterization of biological cells. Journal of Applied Physics, 128
(16):160902, 2020, with the permission of AIP Publishing. (B4) Reprinted from Biomed-
ical Optics Express, 10, Fernando Perez-Cota, Richard J. Smith, Hany M. Elsheikha,
and Matt Clark, New insights into the mechanical properties of Acanthamoeba castel-
lanii cysts as revealed by phonon microscopy, 2399-2408, Copyright (2019).

2.4 Discussion

In this chapter the fields of Brillouin scattering and picosecond ultrasonics have been
introduced, modelled, and discussed in the context of imaging systems. These fields
merge in the form of time resolved Brillouin scattering which drives coherent phonons
into the region of interest and is capable of recording the actual acoustic time-of-flight
rather than strictly a frequency domain measurement. This offers a unique opportunity
to characterise Brillouin frequency, acoustic attenuation, and depth-resolved informa-
tion. With regard to latter, TRBS accesses in-depth information using the acoustic
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wavelength (sub-optical), as opposed to the depth of focus utilised by Brillouin mi-
croscopy. In order to make use of the TRBS concept, the mechanisms for photoacous-
tic excitation of a transducer and all-optical detection of elastic waves were derived.
Two analytical models from this chapter will be utilised to simulate TRBS throughout
the remainder of this study: the transfer matrix method (also referred to as the Fresnel
model) and the PLU-model.

From the perspective of opto-acoustic imaging modalities, both Brillouin microscopy
and TRBS microscopy provide access to viscoelastic properties and behaviours of bio-
logical systems on a subcellular level. Both techniques are sensitive to the same elastic
regime: low frequency acoustic phonons (~ GHz frequencies). This regime is impor-
tant to investigate since natural mechanical fluctuations within cells take place on this
time scale and ultimately dictates key cellular processes such as division, migration, dif-
ferentiation, and apoptosis [131]. Conversely, gold standard tools for mechano-biology,
such as the AFM cannot provide access to these frequencies as they are limited to
Hz — kHz deformations.

Both imaging mechanisms are less than two decades old; therefore technological
innovation is a key driver of maturation for the techniques and their future applica-
tion beyond university laboratories. Each form of microscopy has strengths and weak-
nesses (Table 2.1). Brillouin microscopy has long penetration depth, yet the Brillouin
signal must contend with elastic scattering. TRBS is limited to near-field measure-
ments (< 20 um), yet does so with better than optical axial resolution. One of the main
drawbacks limiting widespread adoption of both technologies, e.g. in clinical healthcare
settings, is low acquisition speed. This is due to the scarcity of the Brillouin scattering
interaction, especially for spontaneous scattering methods. Despite having superior
scattering efficiency TRBS still remains slow due to the time-resolved mechanisms of
pump-probe spectroscopy (e.g. oscilloscope averaging, or scanning the delay between
the pump and probe). However, solutions to these bottlenecks are already starting to

Brillouin imaging
Microscopy Endoscopy
e optical lateral resolution
e currently no depth resolution
¢ long penetration depth
e currently not imaging capable

e optical lateral resolution
Spontaneous | e optical axial resolution
¢ long penetration depth*

e optical lateral resolution
Coherent e acoustic axial resolution
e short penetration depth®

e does not yet exist
e developed in this study

Table 2.1: Table outlining the comparative strengths and weaknesses between spon-
taneous and coherent Brillouin scattering imaging technologies. Endoscopy for this
discussion is loosely defined as an optical fibre-based probe, and not a robust endo-
scope. * Penetration depth limited by diffuse optical scattering. o Penetration depth
limited by acoustic attenuation.
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emerge, such as stimulated Brillouin scattering [151] or single-shot pump-probe spec-
troscopy [181]. A second limitation towards applicability is the lack of robust endo-
scopic technologies for each technique (Table 2.1). An optical fibre probe has been
produced for spontaneous Brillouin scattering, however, thus far it is only capable of
one-dimensional profiling. Applying the principles of PLU to a Brillouin endoscopic de-
vice is promising since actively driving strain into the sample results in six orders of
magnitude higher Brillouin scattering efficiency. In PLU, high amplitude elastic waves
are localised to the region surrounding the transducer and decay exponentially away
from the transducer. As a result, Brillouin scattering interactions occur over an acoustic
path length of ~ 10 um as opposed to ~ 1 m with the SBS fibre-probe and will allow
PLU to utilise standard single-mode optical fibres instead of expensive photonic crystal
fibres [153]. Interestingly, PLU and TRBS are currently without any viable optical fibre-
based technology. In the following report, the first ever PLU optical fibre device will be
introduced.
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Chapter 3

Opto-acoustic fibre-transducers

This chapter will introduce the design, fabrication, and characterisation of an opto-
acoustic transducer. With the future aim of deploying this transducer endoscopically,
an optical fibre will be utilised as the transducer substrate. In addition to supporting the
transducer on its tip, the optical fibre acts a waveguide for both the pump and probe
beams. Unlike in phonon microscopy and other PLU microscopy techniques, the fibre
substrate can no longer be treated as a broadband optical window, e.g. like a glass
coverslip slide in a free space experiment. The waveguiding behaviour of the optical
fibre will impose restrictions on the experimental set-up; or conversely, the properties
of the experimental set-up (presented in Chapter 4) will be used to select an optical
fibre waveguide with specific compatible properties.

In principle the opto-acoustic transducer has one active role: to thermo-elastically
generate a broadband pulse of coherent phonons (section 2.2). It also plays an equally
important passive role, as it dictates the amount of probe light that is passed onto the
sample of interest; the probe intensity within the scattering volume in part dictates the
overall TRBS signal strength (Equation 2.77). In phonon microscopy, the measure-
ment system is designed in the configuration of a transmission microscope, i.e. the
probe light transmits once through the transducer, Brillouin scatters in the sample, and
continues along the optical axis towards a photo-detector. In order for this technology
to be implemented endoscopically, the phonon microscope must be converted from
this transmission configuration, into a more conventional epi-configuration where back-
scattered (reflected) light must transmit through the transducer a second time before
detection. In order to realise these criteria, this chapter will focus on items in the follow-
ing outline:

¢ define the relevant parameters for selecting a suitable optical fibre substrate
e establish a process for designing and optimising opto-acoustic transducers

e present the calibration, fabrication, and characterisation techniques for producing
transducers.
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3.1 Transducer substrate: optical fibre

Operating principles

In order to select an optical fibre substrate which is compatible with the existing optical
system - femtosecond pulse-width lasers over the tuning range of A = 700 — 900 nm
(see Section 4) - it is relevant to cover the general operating principles of an optical
fibre. In its simplest form, an optical fibre utilises Snell’s law -

nisinfy = nysinB, (3.1)

where n is the refractive index and 0 is the incidence angle (with respect to the surface
normal) - which dictates the angles at which light (and waves in general) refracts at
the interface between materials 1 and 2. When light is incident upon the interface, such
that the refracted angle occurs at 6, = 90°, a phenomenon called total internal reflection
(TIR) occurs. This can be interpreted using the Fresnel coefficients, which recall from
Equations 2.32-2.33, determine the ratio of incident field to reflected and transmitted
fields when incident from medium 1 to 2:

E, nicosfi — nycosbH,
- (8-
S

E;/s  nicosbi + nycosfs
(o (E) B 2nicosf,
* " \E;/s  nicosB; + nrcosb

For the case of TIR, when 6, = 90°, r, = 1 and consequently t; = 0 indicating that the
incident field is totally reflected. This imposes a condition on 6; known as the critical
angle:

9. —sin 12 (3.2)
m

and TIR holds for 8; > 6.. Furthermore, when using the Pythagorean identity to express
cos @ in terms of sin 8, the Fresnel coefficients can be expressed in complex notation
producing the following identity:

cos @y = \/1 —sin% 6, = \/1 — (ﬂsin 9,-)2 = ii\/<nl sin 0,-)2 -1 (3.3)

n n

where (%sine,)2 > 1for 6; > 6. (now 8; = 6, and 8; = 1) [16]. The result is an
evanescent field which decays exponentially away from the interface plane, but propa-
gates parallel to the interface plane.

Figure 3.1a presents a visualisation of TIR using an optical fibre, which consists of
an optically slow core layer (n1) wrapped with a relatively faster cladding layer (n,), i.e.
n1 > ny. Following Snell’s law, a light ray which is incident from air (ng = 1) at angle 6
will arrive at the interface between the core and the cladding at an angle 6> = 6; — 7. If
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Figure 3.1: (a) Diagram of the basic operational principles of an optical fibre which
consists of a slow core layer (n1) and a fast cladding layer (n;). Using Snell’s law
(equation 3.1), the path of the light ray can be traced as it refracts from air to core to
cladding layers. If the incidence angle at the core:cladding interface is beyond a critical
angle (6.), the electromagnetic field will fully reflect back into the core only leaving an
evanescent field component (red dotted line). (b) Using core n; = 1.46 and cladding
n, = 1.45 layers, the range of input angles which result in total internal reflection down
the fibre are shown in blue-violet colours (evanescent component in green), and angles
of incidence (AOI) which are incapable of total internal reflection are shown in gray-
scale (rays reflected back into core not shown). A cutoff angle of ~ 10° was calculated
and corresponds to a fibre NA = 0.13.

6, < 6., as is the case for the grey-coloured ray (6,), the ray will not be totally internally
reflected, and will therefore refract into the cladding layer (grey dotted line). However,
when 6, > 6. total internal reflection will be maintained as shown by the red-coloured
ray, in addition to the evanescent component which travels along the boundary (red
dotted line). Initial incidence angles (6y) for which this condition is preserved are said
to be within the cone of acceptance, or the acceptance angles of the optical fibre. The
inverse can be said for light that is emitted from the core of a fibre, i.e. the numerical
aperture of the fibre can be defined by the maximum acceptance angle:

NA = sin(6o,,.) = \/n? — n3 (3.4)

In Figure 3.1b the acceptance cone can be seen in colour, resulting in propagation
down the fibre-core, whereas the rejected incidence angles (grey-scale) refract into the
cladding. When designing the experimental set-up, a lens will be required to couple
light from free-space into the acceptance cone of a fibre. If too high of NA is used,
this will result in coupling inefficiency and therefore optical power attenuation within the
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experiment.

Guided modes

Strictly speaking, geometric optics (e.g. ray diagram approach) is ill-equipped to de-
scribe the wave-phenomenon that occurs in optical fibre waveguides, especially when
the radius of the light propagating region (the core) approaches the wavelength of light.
At these length scales the transverse components of the wave interfere within the core
and form standing wave patterns that do not change with propagation distance [15].
In the same way as a harmonic oscillator, there are discrete modes of oscillation (and
even superpositions of modes) that arise which depend on the properties of the ma-
terials and boundaries. These modes will be solutions to the electromagnetic wave
equation (Equation 2.8) - a complete formulation of Maxwell’s equation.

To describe the modes of a waveguide it is useful to move beyond the single plane
wave description of an electric field (as was treated throughout the previous Chapter),
i.e., to now assume that the intensity distribution of the beam is no longer spatially
uniform. In terms of solving the homogeneous wave equation (Equation 2.69 with RHS
= 0), a non-uniform field amplitude (Ep) requires a solution of the (scalar) form:

E(x,y,z) = Eo(x,y, z)e 'k (3.5)

when expressed in Cartesian coordinates (x, y, z), and assuming that the wave is prop-
agating in the z-direction. After expanding and evaluating the spatial derivatives in
Equation 2.69 the differential equation can be written:

O’E  O’°E  O°E O0E

a2 + 3y + 552 —2:k5 =0 (3.6)

Now, if the beam E travels with a small angle relative to the optical axis (z), e.g. < 30°,
the second derivative with respect to z becomes effectively zero relative to the first
derivative on the right [182]. In other words the diffraction of the wave in z is much
slower than the propagation of the wave in z with wavenumber k. This concept is the
well-known paraxial approximation, which after eliminating the 66—222 term in Equation 3.6
leads to a solution of the form [183]

Eozexp{ —i<P+k(X2+y2)>} (3.7)

2q

Equation 3.7 and the paraxial approximation is the basis for the field of Gaussian Optics,
and leads to well-known optical parameters such as the Gouy phase shift (related to
P) and the Gaussian beam description (beam waist related to q). The paraxial approx-
imation can then be generalised to higher-order mode solutions to the wave equation,
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e.g., using Hermite polynomials, resulting in a family of modes called Hermite-Gaussian
modes denoted by the symbol TEM,,, [182, 183]. The mode orders m/n correspond
with unique spatial distributions of optical intensity in the two transverse dimensions
(x/y) that are allowed to propagate in the waveguide/resonator. The most ubiquitous
of these modes is the TEMqg, i.e. the fundamental mode, because it can be focused
to a diffraction limited spot (with an approximately Gaussian profile) and it diffracts the
most slowly [16].

Similar to the Hermite-Gaussian description of electric field modes, the paraxial
approximation can be translated to a cylindrical coordinate system - which utilises axial
symmetry and more closely describes the geometry of an optical fibre - using Laguerre-
Gaussian mode decomposition. However, the paraxial approximation is not strictly
needed to describe the modes of an optical fibre waveguide. In cylindrical coordinates
(r, z, $) the axially symmetric wave equation is described by [15]:

o’E, 10k, 0°E,

1 2,2 _
ar2 r or +ﬁ 822 +n kOEz—O (38)

where E, is the axial-component of the electric field, n = ncore for r < a, and n = n¢jag
for r > a (core radius a). Equation 3.8 is in the form of the Bessel differential equation
which is solved by the well known Bessel functions, and has separate solutions for the
core and cladding [15]

Ecore = atm(rp)e’™eifz = \/n2,,. k& — B2
E, — core (rp) p o — B (3.9)

Eclad = CKm(ré)eim¢eiBZ ; 6= ﬁ2 - ni/adkg

where J,, and K, are the mt" order of the Bessel function of the first kind and modified
Bessel function of the second kind (respectively), and 8 = kcore sin 62 (62 in Figure 3.1a)
is the propagation constant, in other words the effective wavenumber of the wave as
it propagates longitudinally down the fibre-core. The mt" order of the Bessel function
solutions corresponds with the m*" order mode of the resonator. Figure 3.2 shows
the first five core modes within an optical fibre with core a = 2.5 um, ncore = 1.46,
Nciad = 1.454, and A = 850 nm (cladding modes not shown). It is apparent that the
radius of the core plays a vital role in determining the light intensity distribution: if
a radius larger than a = 2.5 um was used (with the same parameters) higher order
modes will begin to contribute to the total distribution within the core. This is the case
for multi-mode fibres which generally have diameters larger than 10 wm and often in the
50 — 200 um range.

When choosing between using multi-mode or single-mode optical fibres in the con-
text of PLU and TRBS, the following characteristics should be taken into consideration:
Multi-mode fibre:

e similar to free space techniques, the lateral resolution of the phonon probe is
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Figure 3.2: Analytical solutions (Equation 3.9) to the cylindrical wave equation (Equa-
tion 3.8) which dictates the electric field modes that are capable of propagating within
an optical fibre (with a = 2.5 um, ncore = 1.46, ncjag = 1.454, and A = 850 nm). Pre-
sented are only the solutions for the field within the core (Ec.re), the boundary of which
(r = a) is defined by the step index profile (pink line). The zeroth-order Bessel function
of the first kind represents the fundamental mode of the fibre (blue line), with higher
order modes (other colours) being relegated to the cladding. Exponentially decaying
evanescent cladding modes (E.j,q) not shown.

dependent on the pump-probe beam spot sizes. With wider diameter multi-mode
fibres comes a decrease in resolution of the technique, especially in an imaging
context.

e with larger core and spot diameters comes a reduced optical power density (given
a fixed input power). Therefore in order to retain TRBS signal strength, the aver-
age beam power will need to increase to offset the a~2 reduction in power density.

¢ intermodal dispersion: due to the interferometric nature of the detection mech-
anism (explained in Section 2.3) if photons that scatter from the same acoustic
wavefront (or a neighbouring cycle) travel different path lengths (and arrive at
different times) there will be a loss of coherence with respect to the reference
beam, which ultimately reduces signal amplitude. This will effect will worsen as
the length of the fibre is increased.

e due to relatively large core diameters and high NA (more acceptance angles),
light is generally more easily coupled into multi-mode fibres

e as will be discussed below, the wavelength bandwidth for transmitting down a

98



multi-mode fibre is higher and places less restriction on the wavelength of the
light source.

Single-mode fibre:

e smaller core diameters to ensure that the 0-order (TEMgg), or fundamental, mode
is dominant (blue line Jy in Figure 3.2) negating the effects of intermodal disper-
sion.

e smaller cores also improve lateral resolution of the probe.
e small core diameter improves power density given a fixed input power

¢ single-mode fibres contain low attenuation rates (e.g. < 4 dB/km) and therefore
allow long distance propagation.

e small core size and low NA make light coupling more challenging.

e as will be discussed below, single-mode transmission is limited to a narrow band
of wavelengths.

Both multi-mode and single-mode fibres are affected by the fact that silica is a disper-
sive medium, i.e. wavelengths of light will propagate at different velocities with respect
to each other. When using 100 fs pulses to excite and detect ultrafast phenomenon,
this chromatic dispersion will effectively stretch the original pulse, as higher optical fre-
quencies within the pulse travel at one speed, and lower optical frequencies another.
The pure silica used in most single-mode optical fibres displays generally low rates of
dispersion. As an example, a pulsed laser with a NIR wavelength of A = 800 nm, a
linewidth of AN = 5 nm, and a dispersion parameter of D ~ 100 ps/nm - km would
require 100 m of fibre to broaden the pulses by 50 ps. Such broadening effects will
effectively lower the peak power of the pulse, but more importantly have the poten-
tial to limit the temporal resolution and detection bandwidth of a pump-probe system
(discussed further in Chapter 4).

Overall, single-mode optical fibre offers many desirable properties for adaptation to
time-resolved pump-probe spectroscopy and imaging. One reality that must be con-
fronted when choosing to work with single-mode fibres, is that the narrowband optical
frequency performance of the fibre will limit the number of pump and probe wavelengths
available for the device.

Wavelength performance

Phonon microscopy utilises NUV pump and NIR probe wavelengths for the following
benefits:
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e NUV photons carry roughly twice the energy of NIR photons, which enhances the
thermo-elastic generation process.

e Short NUV pump wavelengths enable small spot sizes and therefore higher spa-
tial resolution for imaging applications.

¢ the gold mirror layers of the opto-acoustic transducer reflect NUV wavelengths
less efficiently than NIR wavelengths, which permits a higher percentage of the
pump beam to be absorbed by the cavity.

e the separation in wavelength allows optical filtering (e.g. using a dichroic filter)
which reduces the NUV shot noise contribution to the signal.

A benefit from using multi-mode optical fibres, which support a wider range of optical
frequencies than single-mode, is that this separation in pump and probe wavelengths
can be preserved. This will be less possible when choosing to use single-mode fibres,
as only a narrowband of wavelengths are capable of single-mode behaviour. The gen-
eral metric for how many modes are supported within the fibre core is provided by a
quantity known as the normalised frequency (V) [15]:

v~ 2T 2 2Ty, (3.10)

X core ~ Nejad = 7
When this parameter is V' < 2.405 the waveguide can be considered single-mode, e.g.
V = 2.40in Figure 3.2. Wavelengths which defy this condition are said to be beyond the
cut-off wavelength of the fibre, i.e. if used they will exhibit multi-modal behaviour. This
can be confirmed by looking again to the Bessel functions which themselves describe
the modes as a function of the optical wavelength and fibre geometry. Again, using the
example of an NIR-type single-mode fibre (same parameters used for Figure 3.2) which
possesses a cut-off wavelength of ~ 730 4+ 30 nm (Thorlabs 780HP), if the wavelength
is reduced to A = 532 nm (V = 3.8) higher order modes will begin to more strongly
contribute to the total field within the core (as shown in Figure 3.3a). Similarly, if the
wavelength is returned into the NIR A = 850 nm, yet the core radius is increased to
a =25 pum (V = 3.24), many more modes will now be converted from cladding to core
modes as seen in Figure 3.3b (assuming that the NA is unchanged).

In order to choose the optimum single-mode optical fibre to act as the transducer
substrate, the parameters of the experimental optical system are considered. As de-
tailed in Chapter 4, the phonon probe will be designed around two fs pulsed lasers
which are tunable over the range A = 700 — 900 nm. These systems can be frequency
doubled to emit NUV light, but in order to maximise the penetration depth of the GHz
acoustic waves, which scales as ¢ ~ Afmbe ~ fz2, the NIR window of the lasers will
be targeted. Consequently, the Thorlabs 780HP single-mode fibre was identified as an
optimum fit and has the following specifications:
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Figure 3.3: (a) Allowed modes of propagation for the optical fibre in Figure 3.2, except
with an optical wavelength (532 nm) that is below the cut-off wavelength of the fibre
(~ 730 nm). When compared with Figure 3.2, the prevalence of modes m > 0 increase
indicating that they more heavily contribute to the total field confined to the core. The
fibre has effectively become a multi-mode fibre, albeit with low order modes. (b) Simi-
larly, as the core radius is increased, e.g. to a = 25 um, previous cladding modes are
now promoted to core modes and strengthens the effects of intermodal dispersion.
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e operating wavelength - 780 — 970 nm
e cut-off wavelength - 730 + 30 nm
e mode field diameter (MFD, the effective spot size) - 5+ 0.5 um (@ A = 850 nm)

e cladding diameter - 125 wm which will determine the radial footprint of the phonon
probe

e NA=0.13
® Neore = 1.46 and n¢j,qg = 1.454

This product covers a majority of the laser tuning range, contains a relatively high res-
olution spot radius (compared to optical fibre products) of =~ 2.5 um, and a low cut-off
wavelength. Using fixed values for core:cladding refractive indices (i.e. not considering
chromatic dispersion), the wavelength dependency of the fundamental mode can be
calculated down to the cut-off wavelength, using E..,e in Equation 3.9 and is presented
in Figure 3.4. With nearly 200 nm of both laser wavelength tuning range and single-
mode fibre behaviour this product will provide flexibility in the experimental set-up. For
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Figure 3.4: Slight variations in the fundamental mode as a function of wavelength for
the Thorlabs 780HP single-mode fibre (E.or. from Equation 3.9). The extreme blue
side of the spectrum represents the approximate fundamental mode at the ~ 730 nm
cut-off, and the extreme red end of the spectrum occurs at the maximum operating
wavelength ~ 970 nm. This result indicates that the > 200 nm range of single-mode
wavelengths is strongly compatible with the tuning range (700—900 nm) of the fs-pulsed
lasers used in this study. The black curve demonstrates the multi-modality when using
a NUV wavelength below single-mode cutoff; the first minimum now occurs within the
core diameter.
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example, two identical pump/probe wavelengths (e.g. 780 nm) can be simultaneously
coupled into the same fibre, or even two separate pump/probe wavelengths (within
~ 200 nm of each other). Even if one of the lasers is tuned at or below the cut-off
wavelength (V = 2.8), the core will still be dominated by the fundamental mode (blue
extreme in Figure 3.4) with only a 5% reduction in the power of the fundamental mode
(compared to A = 850 nm).

The 0.13 numerical aperture of this particular fibre product will become relevant in
two ways: (1) this parameter will determine the divergence of the beam when making
measurements in the axial direction; (2) in order to maximise the transfer of optical
power from free-space to the single-mode optical fibre core, the mode of the (approx-
imately) Gaussian free-space beam will need to be transformed to match the spatial
characteristics of the fundamental mode of the fibre. Mode matching the input beam
can be achieved using a lens with the correct focal length/numerical aperture - ideally
matched to the NA of the fibre - to focus the larger free-space beam into the space
defined by the MFD [183]; otherwise, mismatched mode diameters will result in ineffi-
cient coupling. Therefore, when designing the optical system in this thesis, a suitable
fibre-coupling facility must be selected to ensure power is efficiently coupled into the
TEMgo mode.

Now that an optimum optical fibre substrate has been identified, the discussion
will turn to the design, fabrication, and characterisation process for the opto-acoustic
transducer needed to generate ultrasound from the tip of the fibre.

3.2 Transducer design

Signal optimisation

In order to drive the device at ultrasonic frequencies greater than 1 GHz, an opto-
acoustic transduction element is needed which exchanges optical photons for acoustic
phonons. As described in Chapter 2, this process can be instigated thermo-elastically,
i.e. a metallic thin-film should be used to absorb fs pump pulses which thermally
generates picosecond strain pulses. Consequently, the performance of the metallic
transducer will depend on its optical and thermal properties. As proven by phonon
microscopy, a metallic:dielectric zero order Fabry-Pérot interferometer can be designed
such that the cavity both optically and mechanically resonates while also shielding the
specimen from transducer-heating [166, 173]. In order to achieve proof of concept, this
study will instead design and utilise a single metallic layer, and will discuss and simulate
the transition to a Fabry-Pérot transducer in Chapter 7.

The basic device concept of a single-mode optical fibre terminated with a single
metallic thin-film transducer is presented in Figure 3.5. The central elements to this
design are: (1) that there is maximal optical absorption at the pump wavelength, and
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Figure 3.5: Basic device concept: a single-mode optical fibre substrate terminated with
a single metallic thin-film. The sole purpose of the thin-film transducer is to thermo-
elastically generate picosecond strain pulses through the absorption of the fs pulse-
width pump beam. This proof of concept transducer will be designed to maximise
pump absorption, but also to optimally transmit the probe beam before and after it has
scattered with the acoustic wavefront. The transducer will also produce a DC reflection
from the fibre/metal interface which acts as a reference beam in TRBS interferometric
detection.

(2) that the transducer maximally transmits the probe wavelength. The latter will be
especially crucial; the novelty of this device will rely on the ability for the probe to act
as a transceiver, i.e. a transmitter and receiver of probe light. In order to achieve
this, the probe beam will need to: (1) transmit through the transducer layer, (2) Brillouin
scatter (reflect) with the phonon wavefront, and (3) transmit back through the transducer
for detection. Therefore, optimising the proof of concept transducer will require the
consideration of a range of materials, transducer thicknesses, and optical wavelengths.

A variety of metals display strong absorption characteristics in the VIS-IR portion
of the electromagnetic spectrum, owing to the strength of the imaginary component
(extinction coefficient k) of the complex refractive index (7 = n + ik). For the basic
case of a plane wave solution to the electromagnetic wave equation, the electric field
travelling in the +z direction within an arbitrary metal can be written and simplified [16]:

E = Eoeikz — Eoeikoﬁz — Eoeikonzefkol{z (31 1)

where kg is the wavenumber in vacuum. The final term in Equation 3.11 results in an
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exponentially decaying attenuation of the electric field as a function of material thick-
ness, which, due to dispersion, is a function of optical wavelength (7()), Equation 1.2).
This property of metals has an adverse effect on the transmission of light through the
material. This reality is normally averted in conventional picosecond laser ultrasonic
imaging techniques by settling on nearly bulk thicknesses of highly absorbing metal
(e.g. Ti), and ultimately limiting the experiment by illuminating pump and probe directly
onto the sample, or utilising pulse-echo [171, 172, 174]. However, by decreasing metal
thickness to a degree such that a large portion of the field transmits through the layer,
a thin-film transducer can be attained.

As introduced in Section 2.2.2, an analytical PLU-model was created (based on
the work of [161, 163]) to simulate the generation and detection of picosecond strain
pulses. However, before utilising this model, it is useful to simulate the static optical
responses (calcualted with TMM) for a range of thin-films with different parameters;
this is convenient because strain propagation is not required and thus the computation
is accelerated compared with the PLU-model. Recall that probe transmission and pump
absorption provide optimum TRBS interaction via Equation 2.77. Figure 3.6a presents
the transmission spectra of six typical metals as a function of probe wavelength and
metal thickness (refraactive index data [184—186]). The simulation consisted of an
infinite glass substrate, the desired metal layer, and an infinite water layer with both
beams incident from beneath the transducer with normal incidence. It is apparent that
Au, Ag, and Cu display the strongest transmission, especially in the range of 10—20 nm
film thicknesses (blue box). The response to probe wavelength reveals that for most
materials, transmission will be optimum for shorter NIR wavelengths.

Figure 3.6b visualises extinction coefficient (k,ump) @s a function of material, and
indicates that Al shows very strong absorption qualities (also evidenced by its poor
transmission in Figure 3.6a). It is worth noting that although the extinction coefficient
provides an estimate of the optical absorption of a bulk material, it is not the sole de-
terminant of optical absorption. For thin-film transducers where thickness is less than
the optical coherence length, multiple reflections within the thin-film will interfere caus-
ing resonant transmission or reflection as discussed with Fabry-Pérot cavities in Figure
2.8. For this reason, a material with a relatively large extinction coefficient (e.g. Au at
X = 900 nm) may exhibit greater transmittance (Figure 3.6a) than a material with a rela-
tively smaller extinction coefficient (e.g. Cr at A = 900 nm). In this example a single trip
through a 10 nm thick Au layer results in a A¢ ~ 0% change in phase (for A\ = 900 nm)
leading to greater constructive interference, whereas the same trip through a 10 nm
thick Cr layer results in a A¢ ~ 5% change in phase leading to greater destructive
interference.

Now in order to identify a transducer design which maximises probe transmission
and strain amplitude, the PLU-model was run as a function of metal thickness, for the
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Figure 3.6: (a) A TMM model was utilised to determine the transmission coefficients of
metallic thin-films as a function of pump/probe wavelength and film thickness. Gold, sil-
ver, chromium, copper, titanium, and aluminium films were modelled. As film thickness
decreases transmittance (T) increases. Blue box indicates a region of interest where
film thickness is conducive to high transmission. (b) The extinction coefficient k at the
pump wavelength will in part determine the absorption characteristics of the transducer
layer and ultimately the amplitude of the acoustic field.

materials gold, silver, chromium, copper, titanium, and aluminium. Given the results
of the Fresnel-model in Figure 3.6 a probe wavelength with high transmission was se-
lected X,rone = 780 nm; for simplicity the pump wavelength was set equal to the probe.
The simulation mesh consisted of the following: semi-infinite glass substrate, current
thickness of metal, and semi-infinite water layer, with both beams being incident from
the glass side of the mesh (diagram in Figure 3.7a). An example simulation output can
be found in Figure 3.7 for the case of a gold film with 15 nm thickness. The TRBS signal
(in water) in Figure 3.7b was transformed into the frequency domain using fast Fourier
transform (Figure 3.7c), and the frequency position containing the maximum amplitude
was recorded for each combination of material and thickness (Figure 3.8a-b).

In addition to the modulation depth of the signal, it is important to consider the
SNR performance of each prospective transducer. As shown in Equation 2.77, in the
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Figure 3.7: Example of simulated TRBS signal using the analytical PLU-model. (a)
Simulation mesh consisting of semi-infinite glass substrate, metallic, and semi-infinite
water layers. Both pump and probe were incident from the substrate side of the mesh,
and the Berillouin scattered probe light was detected in reflection (substrate side) to
emulate the configuration that will be carried out for an optical fibre transducer. (b)
TRBS signal for the case of Apump = Aprobe = 780 nm and a 15 nm thick layer of
gold. (c) Fast Fourier transform of the signal in (b), which consists of frequency peaks
at 5.11 GHz and 22.58 GHz, the Brillouin frequencies of water and the glass of the
substrate (green circle) at A,ro0e. The amplitude of the frequency peak (for water) is
used as a measure of the signal strength that the transducer is capable of producing
for later comparison with other metals and thicknesses.

approximation that the detection system is shot noise limited, the signal SNR will scale
with the square root of the probe intensity /I,robe. This can be approximated by the
square root of the total reflectivity of the transducer (R) and is shown as a function of
metal-material and thickness in Figure 3.8c. Now, the simulated TRBS signal strength
can be scaled by the approximate SNR of the transducer material producing the plots
in Figure 3.8d.

Overall, aluminium and titanium appear to show the highest amplitude designs,
especially as film thickness decreases (as transmittance increases). In particular, Al
exhibits nearly an order of magnitude difference in amplitude between the other metals.
Among the lower-amplitude metals there are very similar signal amplitudes (Figure
3.8b), with gold having the advantage; comparing the TRBS-SNR amplitudes (Figure
3.8d), Au is approximately 10%, 25%, and 50% higher amplitude than Cu, Cr, and Ag
respectively within the 10—20 nm thickness range. While the results from this simulation
provide crucial insight on the optimisation of the signal the phonon probe will generate,
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Figure 3.8: (a) TRBS signal amplitude using the PLU-model as a function of material
and transducer thickness with Apump = Aprobe = 780 nm. Aluminium and titanium show
significantly higher signal amplitude compared with the other metals (b). This simu-
lation indicates that signal amplitude is inversely proportional to transducer thickness,
a relationship which will guide the design of the fibre transducer. (c) Approximation
for the signal SNR due to shot noise, calculated as the square root of the transducer
reflectivity (v/R). (d) TRBS signal amplitude scaled by the shot noise contribution; for
transducers with low DC reflectance the combination of modulation depth and SNR will
be reduced.

there are other factors which should be considered before fabricating and testing fibre-
transducers, namely how well the metal film manages heat and how easily it can be
deposited.

Thermal performance

The absorption of short light pulses by a metallic structure has the potential to cre-
ate a significant temperature gradient within the material (discussed in Section 5.2.2),
which ultimately diffuses into the surrounding medium. The type of diffusion process
that takes place has been reported to depend on the: (1) pulse-width of the illuminat-
ing light, (2) material properties, and importantly, (3) the thickness of the metal film
[165]. Consequently, these parameters determine the damage threshold (e.g. melting,
fracturing, ablation, etc.) of the film, which is critical for finding a viable design for the
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phonon probe.

It has been shown, both theoretically and experimentally, that absorption of ns-
pulses by metals results in a direct heating of the metal-lattice and the subsequent
thermal diffusion properties are largely dictated by phonon-phonon (ph — ph) coupling
interactions [187, 188]. However, when the thickness of the metal becomes shorter than
the (phonon) diffusion length, the energy density required to melt the film decreases
linearly as thickness decreases [165, 189].

This problem becomes more sensitive for the case of fs-pulse-width irradiation. In
this sub-ps regime, optical absorption creates a highly non-equilibrium state between
hot electrons and the lattice. In order for the system to reach thermal equilibrium,
two additional diffusive processes must first take place: (1) electron-electron (e — e)
collisions, followed by (2) electron-phonon collisions (e — ph) [165]. The ability for a
metal to diffuse heat will then rely on the e — e collision rate of a metal, and its e — ph
coupling strength (g). Therefore, for fs-pulses, it is the electron diffusion length which
dictates damage threshold; e.g. the length at which hot electrons in gold equilibrate
with the lattice is on the order ~ 400 nm [165]. As gold thickness falls below this,
a constant fluence experiences increasing energy density, and as electron diffusion
becomes increasingly constrained the layer is more easily melted.

In order to approximate the damage threshold of a single metallic thin-film as a
function of film thickness and material, a thermal diffusion model was invoked from
literature [189]. This model - which is described in Appendix C - computes the absorbed
optical fluence (F,,, see Equation C.6) required to raise the temperature in the metal
to its melting temperature within the time-span of a single optical pulse-width (single
shot). The damage threshold fluence can be converted into a threshold for average
absorbed optical power using the energy density within the optical spot (r):

Pm = Fpm-r,-r? (3.12)

given a laser repetition rate of r,. Figure 3.9a simulates P,, for experimental parameters
that will be used for the phonon probe in this study: approximate optical wavelength
A =~ 780 nm, repetition rate r, = 80 MHz, and fibre core radius (optical spot size)
r = 2.5 um. This process was repeated for the materials considered thus far (Figure
3.6) and for film thicknesses within the range d =1 — 50 nm.

From Figure 3.9a it is evident that although aluminium and titanium appear to exhibit
impressive TRBS signal amplitude, this comes with the risk of more easily destroying
the transducer. It is important to note that this literature model applies the simplifying
approximation of ns-pulse-width radiation, as opposed to the fs pulse-widths that will
be utilised in this study. However, it has been demonstrated previously, that a similar
dependence between damage threshold and metal thickness exists in the fs-regime
compared with ns-pulses, and therefore allows first order approximation. In fact, the
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Figure 3.9: Damage threshold in units of average absorbed optical power approximated
using an analytical model from literature (Appendix C). Gold, silver, chromium, copper,
titanium, and aluminium are compared in the model, with the transition metals (Ti and
Al) displaying lower damage thresholds than the noble metals (Ag, Au, Cu). The key
result is that the threshold for damage (melting) decreases as metal layers become
thinner; this puts restrictions on the maximum practical thickness achievable for each
material. (b) The damage threshold is used to normalise the signal amplitude and
signal SNR for each material/thickness combinations creating a figure of merit (FOM)
shown in Equation 3.13. Metals with the lowest damage thresholds may require optical
powers that are inefficient for TRBS. Note the limitations of the model as d — 0 where
bulk optical, thermal, and mechanical material properties are no longer valid.

damage threshold for metals such as Al and Ti will suffer even more so in the fs-regime;
since hot electrons are no longer in equilibrium with the lattice, the stronger electron-
phonon coupling for these metals results in greater energy transfer to the lattice [165].
Given these assumptions, the exact numerical values for the average power damage
thresholds (Figure 3.9a) are not physically relevant, and are meant to reveal a general
trend between optical power and damage.

The damage threshold trends for each metal/thickness combination can now be
used to scale the TRBS-SNR performance of the transducers creating the figure of
merit:

FOM = TRBS - SNR - Fyamage (3.13)

which is shown in Figure 3.9b. This effectively points to the TRBS and SNR perfor-
mance at the approximate power damage threshold of the material (maximum usable
power). Evidently, metals which appeared to produce high amplitude and high SNR
TRBS signal (Figure 3.8), are indeed less practical once their damage thresholds are
factored into the figure of merit. Conversely, Cu, Ag, and Au appear to provide strong
power handling; at the damage threshold, the TRBS and SNR performance should
then be superior to the other metals. Equation 3.13 is a simple order of magnitude ap-
proximation developed here to demonstrate that more thermally robust materials can
be driven with greater power, thus resulting in better overall signal performance. As
the phonon probe develops from prototype into certain application-specific forms, other
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quantities may become more pertinent. For example, in future bio-imaging applications,
minimising the temperature rise (T,;s¢) in the water/tissue adjacent to the transducer
may become a priority, and the FOM can be adjusted ad hoc by factors such as 7,1
(or even given greater weighting, T;fe). It is also important to note that the FOM, and in
particular the PLU-model, break down in the limit that transducer thickness approaches
d — 0 (e.g. d < 10 nm in Figures 3.8a, 3.9b). This is likely because the bulk mate-
rial properties used for modelling are no longer valid for sparse populations of atoms
(ultrathin films) (let alone the limitations with fabricating homogeneous ultrathin films)
[163, 190]. Now after modelling transducer performance, the fabrication of these metal-
lic thin-films will be considered in order to finalise the transducer design for the phonon
probe prototype.

3.3 Fabrication and characterisation

In order to form thin-films of the materials discussed above, the physical vapour de-
position technique - sputtering - will be utilised which is capable of depositing a range
of metals at a rate on the order of ~ nm/s. Prior to fabrication, the sputtering facility
must be modified to accept the long aspect ratio of a fibre, and the fibre itself must
be prepared. Once the fabrication procedure has been discussed, a simple spectro-
scopic method for characterising the thin-film thickness and optical properties will be
introduced. Using this characterisation method, thin-film thickness measurements can
then act as a feedback loop for calibrating the output of the sputtering process which
leads to the final optical fibre transducer.

Fabrication

The precursor of the phonon probe is a custom Thorlabs 780HP patch cable, with
FC/PC termination on the proximal end, and bare on the distal end. This particular
product is optimum because the FC/PC connection (and ferrule) maintains a permanent
bond with the optical fibre, yet the entire patch cable can still be easily swapped in
and out of any fibre-optical system (containing FC/PC connectors). Furthermore, the
bare end is left un-terminated allowing small structures, such as a transducer, to be
fabricated on its tip. Also the 125 pm diameter of this distal end sets the radial footprint
of the measurement apparatus, which is novel compared with conventional pump/probe
and Brillouin spectroscopy and imaging techniques.

Initially the bare end is stripped of its outer jacket using a stripping tool, in order to
expose the cladding/core for cleaving. Then, the stripped end is cleaned using isopropyl
alcohol and a lens cloth, and dried with a nitrogen gun. Next the stripped and cleaned
end is placed into a manual fibre cleaver (Swift CL-03B), which cleaves the end-face
at a nearly flat 0.5° angle to prevent strong back reflections. Now that the distal end is

111



free of contamination and the end-face flattened, a metallic thin-film transducer can be
deposited.

A DC magnetron sputter coating facility (HHV BT300, pictured in Figure 3.10a) was
used to coat metallic and dielectric films on the nm — um thickness scale. Noble met-
als are ideal for this type of thin-film deposition due to their resistance to oxidation
and therefore their low resistivity. Moreover, noble metals require considerably less ac-
commodations than metal-oxides and dielectrics, such as the need for: oxide cleaning
cycles, ultra-low vacuums, high plasma currents, and argon modulation. The result
is that nobles offer much higher deposition rates while requiring relatively low plasma
currents. The device is capable of coating transparent dielectric layers, such as indium
tin oxide (ITO). However, special considerations must be made to prevent the thermal
shock of the plasma from breaking such targets. This BT300 has been modified to
accept a water-cooling facility which prevents this issue.

In order to deposit metallic thin-films onto the flat end-face of the patch cable, there
needs to be a way of fixing the optical fibres upright within the sputtering chamber. The
diameter of the fibre-mount should be large enough so as to not overly stress the optical
fibre coils, which could lead to breakages when mounting and dismounting the fibres.
Furthermore, the mount should be light enough to still be easily spun by the motor
that drives the specimen rotation stage (and thus homogenise the deposited layer).
Figure 3.10b presents the design for this mount, which was prepared in the OpenSCAD
software programme, and 3D printed in an Ultimaker 3 machine. PLA was used as
the object material; this choice in material has the potential to: (1) introduce unwanted
atmosphere into the sputtering vacuum chamber (due to the porosity of the PLA matrix)
which can significantly lengthen vacuum pump-down times, and (2) become melted by
the plasma that is irradiating the sample. These issues have been mitigated by: (1.1)
printing the object with maximum infill density in order to reduce porosity, (1.2) leaving
large holes in the structure to allow atmosphere to be pumped out, (1.3) storing the
mount in vacuum, and (2) using the large volume of the vacuum chamber to maintain a
safe distance between the top PLA surface and the plasma source. Small recesses in
the vertical column of the mount were designed to accept small neodymium magnets,
which attach to small metallic jaws that grasp the fibres upright. The magnetism of
both the magnets and the jaws is small enough to not disturb the strong magnetic fields
required for magnetron sputtering.

Once the sputtering target of the desired material is placed into the magnetron
facility, the machine is pumped down to a vacuum of approximately 1 x 10=* mbar.
After achieving vacuum, argon gas (sputtering catalyst) is released into the cham-
ber, and the combination of plasma current (current applied to the magnetron) and
deposition time will determine the deposited thickness. This thickness will then need
to be characterised in order to calibrate the deposition characteristics of the sputter
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Figure 3.10: (a) HHV BT300 bench-top sputter coating machine with water-cooling.
This device deposits a range of noble metals, metal-oxides, and dielectrics with sub-
nm precision using DC magnetron technology and argon gas. The sputtering process
is aided by the ability for the deposition chamber to be pumped down to low vacuum
states (down to ~ 10~> mbar), which enhances uniformity of the thin-films. (b) The
sputter coating specimen stage must be adapted in order to accommodate optical fibre
samples. This design was selected to minimise fibre bending while allowing the end-
face (transducer substrate) to be placed in a vertical position. 3D printed plastic was
used for the fibre-stage; the porosity of the material slightly affects the vacuum pump-
down time and the material appears to be unaffected by the plasma temperature.
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coater. There are a host of techniques capable of measuring metallic film thickness:
atomic force microscopy (AFM), stylus profilometry, ellipsometry, and X-ray photoelec-
tron spectroscopy. However, the most convenient and cost-effective way to measure
the film thickness of partially transparent layers is with simple white light spectroscopy.

White light spectroscopy

As detailed in Section 2.2.1, the optical resonances of a film or cavity can be uniquely
attributed to: the wavelength of light, the optical properties of the material, the optical
properties of the neighbouring materials, and the thickness of the desired material.
If a broadband VIS light source is illuminated onto the film, light that is reflected or
transmitted through the material can be captured and spectrally analysed using a VIS-
NIR spectrometer (Ocean Optics USB2000+). The optical resonances captured by the
spectrometer software can then be compared with theory, in order to find a matching
film thickness.

A white light spectrometer was designed and constructed for this study, and is pre-
sented in Figure 3.11. The body of the device is a Meiji Techno IM7200 inverted mi-
croscopy body containing an x/y manual stage to control the sample plane (Figure
3.11a). Light is delivered from an Ocean Optics HL-2000 light source via multi-mode
optical fibre patch cable, into an objective lens. This lens focuses the collimated light
onto the sample plane, and after passing through the film is captured by a second
objective lens. The light can then be directed into an imaging camera, or into the spec-
trometer by way of another multi-mode patch cable (Figure 3.11b) to record the trans-
mission spectrum of the film structure (example in Figure 3.11¢). The spectroscope is
also capable of measuring the transmission and reflection spectra of structures on the
tips of optical fibre samples. This is achieved by replacing the top objective lens with
the optical fibre sample, and butt-coupling the source light directly into the fibre core
whose optical axis is aligned with that of the spectrometer. A 1:2 coupler can be used
to deliver light (from channel-2a) to the fibre sample (occupying channel-1), and the
reflection spectrum can be captured in channel-2b.

In order to calibrate the deposited thickness of a material, an arbitrarily thin semi-
transparent layer is deposited onto a glass microscope slide (which is set to the same
height that the fibres will sit at). Its transmission spectrum is then measured using
the above spectrometer, shown by the red curve in Figure 3.12a top. A Matlab script
was written in order to determine the film thickness from the experimental transmis-
sion spectrum, which was normalised by the transmission spectrum of only the glass
substrate. Using the assumption that the material identity of the film is known (e.g.
gold), the optical properties of that material can be used to simulate theoretical trans-
mission spectra (using the aforementioned Fresnel coefficient model) over a range of
potential thicknesses (blue curves in Figure 3.12a top). The best matched theoretical
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Figure 3.11: (a) Picture of the spectrometer that was built to measure reflection and
transmission spectra of either planar or optical fibre samples. White light is delivered to
and from the microscope body via optical fibre patch cables. There is also the option to
use the body as a transmission or reflection microscope using the camera port at the
bottom. (b) Schematic of the spectrometer optical design. Source light is brought to the
sample plane either by objective lens or optical fibre, and is collected with an objective
lens that relays the light for spectroscopy or imaging. For spectroscopy, the 50/50
non-polarising beamsplitter can be switched for a mirror. (c) Example transmission
spectrum of a coloured polymer recorded by the Ocean Optics SpectraSuite software.
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Figure 3.12: After measuring the thin-film (single layer or cavity) in the spectrometer,
the transmission spectrum of the structure (red line in (a) and (b) top) is compared
with theoretical Fresnel coefficients for a range of thicknesses (blue lines and text in
(a) and (b) top) using the same wavelength range (or sub-range) as the light source.
The closest match between experimental and theoretical spectra is considered to be
the thickness of the film (x-position of peaks in (a) and (b) bottom). This technique
applies to both single metallic thin-films (gold in (a)), and transparent dielectrics placed
in cavities (ITO in (b)).
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spectrum is located and assigned as the thickness measurement (fit quality in Figure
3.12a bottom).

This characterisation technique can also be applied to the measurement of trans-
parent thin-film thickness, by depositing the film as the middle layer of a Fabry-Pérot
cavity. The strong optical resonances produced by the cavity, are characteristic of the
optical properties and thickness of the middle transparent layer. If the identity and thick-
ness of the two mirror layers are known (measured as described for single semi-opaque
layers), and the identity of the cavity layer is known (e.g. ITO), the same Fresnel curve
fitting script can be used to measure the thickness of the cavity layer (Figure 3.12b).

Film thickness calibration

Following the deposition and spectroscopic-characterisation procedure, the deposition
rate of the sputter coater can be determined by varying the deposition time that each
separate glass coverslip experiences. Using gold as an example, the following param-
eters were kept fixed such that the only parameter which affects film thickness is the
deposition time: plasma current 40 mA, working pressure 9 x 10~3 mbar, 40% valve
position for argon gas, and 40 rpm stage rotation. Gold was deposited with times be-
tween 20 and 90 seconds, and the resultant thicknesses were measured (plotted in
Figure 3.13a). From these calibrations the mean gold deposition rate (for the param-
eters fixed above) can be characterised as ~ 0.57 nm/s. This calibration data set can
then be used to identify the deposition time required to achieve an arbitrary desired
thickness. The same procedure was performed for ITO film thickness (120 mA plasma
current) which was deposited at a rate of 0.82 nm/s (Figure 3.13b).

The above example for calibrating thickness was then carried out on the metals that
have been modelled and discussed in previous sections: Ti, Al, Cu, Ag, and Cr. The
materials Ti, Al, and Cr were operated at higher plasma currents (> 100 mA) in order
to remove the oxide layers that naturally occur on these metals which effectively lowers
electrical conductivity (required to generate sufficient magnetic fields). However, Cu
and the noble metal Ag can be operated under similar conditions as gold (40 mA). Fig-
ure 3.14 shows the time required for each material to deposit ~ 20 nm. It is clear that
good electrical conductors that are resistant to oxidation, such as Au and Ag demon-
strate the highest sputtering rates, whereas materials such as Ti and Al require long
deposition times. Figure 3.14 only represents the total time period in which the sub-
strate is exposed to plasma; this does not take into consideration the required cooling
intervals that interrupt the deposition. Cooling is initiated every ~ 2 minutes which
increases the total deposition time by roughly a factor of 2 (for materials which re-
quire longer than 2 minutes). Additionally, Al, Ti, and Cr demonstrated inconsistencies
in forming plasma (especially Al) potentially due to imperfect removal of oxide layers,
which further increases deposition time and decreases reproducibility. These findings
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will be further discussed in the following section.

60
551 (a ) @ actual measurement
= interpolated trend
501 ® desired thickness
= 45}
€
£ ot
o
] 35F
g
[ 30
£ a5t
20+
15
10 I I L I . .
20 30 40 50 60 70 80 90
deposition time (s)
450
400 +
—~ 350+
S
C
~ 300+
0
I
&
C 250+
v
2
< 200t
150 -
100 -

150 200 250 300 350 400 450 500
deposition time (s)

Figure 3.13: In order to calibrate the sputter coater, a number of blank glass cov-
erslips are deposited onto for varying deposition times. Using the spectroscopy and
characterisation procedures described in this section, an archive of film thickness as a
function of sputtering time can be constructed for future use. (a) Calibration procedure
for gold, and (b) the equivalent for ITO. Both materials were deposited with parameters
of 9 x 10~3 mbar working pressure, 40% valve position for argon gas, and 40 rpm stage
rotation. Plasma currents for gold and ITO were 40 mA and 120 mA respectively, and
mean deposition rates were 0.57 nm/s and 0.82 nm/s respectively.
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Figure 3.14: Time required for 20 nm of each metal to be deposited. Gold and silver
exhibit the quickest deposition rates due to their electrical conductivity and chemical
inertness. Oxidising metals such as Ti and Al require much longer deposition times
and are less reproducibly deposited than the noble metals.

3.4 Discussion

This chapter has defined the parameters of an optical fibre which must be considered in
the context of pump-probe experiments. As a result, the single-mode optical fibre has
been identified as the optimum waveguide for the following reasons: high transmissivity,
low dispersion, and a small core diameter which produces greater optical power density
and higher spatial resolution. However, this comes at the cost of narrower wavelength
bandwidth and more restrictive free-space-to-fibre coupling. The prospects of using
multi-mode optical fibres in PLU experiments will be revisited in Chapter 7. The single-
mode fibre selected for this study contains a core diameter of 5 um, 125 um cladding
diameter, 780 nm centre wavelength, 730—970 nm wavelength bandwidth (single-mode),
and VA =0.13.

A design for a thin-film transducer was proposed which centred on maximising
transmission of the optical probe wavelength while maintaining high optical absorption
for the thermo-elastic generation process. These processes were modelled using both
optical TMM and PLU simulations. Initially, the materials Al and Ti exhibited the highest
amplitude modulation depths (Figure 3.8a-b), which is a result of the combination in
probe transmission and pump absorption. The contribution of the total reflectivity to
the relative SNR of the signals was also estimated (Figure 3.8c) and used to normalise
TRBS amplitude (Figure 3.8d).

The effect of thin-film damage due to the absorption of pulsed radiation was also
considered (Figure 3.9a). In this regard, Al was identified as easily damaged through

119



melting or ablation; consequently, much lower optical powers would be required thus
lowering the available signal amplitude and SNR. Figure 3.9b includes this effect to the
metric of modulation depth and SNR. In Figure 3.9b it becomes evident that the major-
ity of the metals demonstrate a peak response in the thickness range of 10 — 20 nm;
this region is indicative of optimal performance given: high pump absorption, optimised
combination of transmissivity (AR component) and reflectivity (R component), and low
damage threshold. Furthermore, the discussion in this chapter on depositing the vari-
ous thin-films through sputter coating has revealed that Ti, Al, and Cr are less conducive
to high-throughput fabrication.

Considering the above findings, it is proposed that a 15 nm layer of gold be used
as the transducer layer. This represents a compromise between relatively high dam-
age threshold (Figure 3.9a), high throughput thin-film deposition (Figure 3.14), and high
modulation depth/SNR performance (Figure 3.8d). Gold contains a lower figure of merit
performance compared with Cu and Ag (~ 35% lower), however, operating the trans-
ducer in this near-damage regime will have consequences for sample heating which
will be discussed in Section 5.2.2. Therefore the design of Au = 15 nm offers bet-
ter performance per-mW with regards to TRBS - SNR when operated below damage
threshold.

Single metallic thin-film transducers have been utilised in picosecond ultrasonics
for several decades; however transducer-thicknesses that approach the ultrathin-film
regime are scarcely discussed or demonstrated in literature. The Optics and Photonics
Group at the University has pioneered a Fabry-Pérot cavity-based transducer design
which uses a stack of two such thin-films [166, 173]; within the group a single-layer de-
vice within this ultrathin-film regime was proposed. Although single-layer thin-films are
no longer novel, their adaptation to optical fibre substrates/systems are. It is this novelty
to which | lay claim. Accommodating optical fibres to the thin-film fabrication facilities
was a considerable challenge. Previous equipment did not contain a sufficient working
distance between the hot plasma source and the transducer-plane, which resulted in
high breakage rates for the optical fibre tips. | oversaw the specifications and purchas-
ing of a custom sputter coating facility, which increased the plasma-stand-off distance
by an order of magnitude, and then designed a novel mount to integrate optical fibre
substrates (Figure 3.10) leading to a drastic reduction in breakage.

A key factor in the above transducer-design, is the fact that silica-based optical
fibre substrates provide the most accessible and cost effective route for rapid proto-
typing. In the context of thin-film damage and potential specimen heating, a more
thermally conductive substrate material may be desired for future optimisation. For ex-
ample, if a single-crystal sapphire optical fibre was instead used as a substrate, the
30-fold increase in thermal conductivity (between sapphire and glass) would increase
fluence damage thresholds for both the transducer and an adjacent specimen. It would
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be ideal for this substrate to remain single-mode (to avoid intermodal dispersion) and
small-diameter (e.g. < 10 um) to maximise lateral resolution. The fabrication of single-
mode sapphire fibres is an area of great interest and current research [191]. These
efforts are focused on etching to minimise core-diameters or engineering compatible
optical claddings to minimise the mode-order of the waveguides [192]; however, cur-
rently these challenges are unmet in a way that is scalable and commercially viable.
Beyond this, a possible compromise may be introducing thermal coatings [111] onto
the tip of a silica optical fibre.

Now, after having calibrated the sputter coater (with microscope slides instead of
fibre) and characterised thin-films using white light spectroscopy and Fresnel coeffi-
cients, the cleaned and cleaved custom patch cable can be placed into the fibre-mount
facility of the sputter coater. Approximately 5 nm of ITO was deposited which acts as an
adhesion layer for the gold, followed by approximately 15 nm of gold (Figure 3.15). This
gold thickness is achieved with 30 s of sputtering exposure and is reproducible with a
precision of o4, =~ 0.2 nm. With a prototype fibre-transducer now fabricated, the next
chapter will introduce the experimental system which is capable of performing optical
fibre-based time-resolved Brillouin scattering measurements.

Au = 15 nm
ITO=5nm

optical fibre

Figure 3.15: The fabrication and characterisation protocols outlined in this section were
utilised to fabricate a metallic thin-film transducer onto the tip of a single-mode optical
fibre. Using performance simulations discussed in Section 3.2, 15 nm of gold was
selected and is adhered to the substrate using a small amount of ITO. This prototype
phonon probe will be used to perform high resolution spectroscopy and imaging.
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Chapter 4

Pump-probe measurement system

In this chapter, a system for measuring ps — ns time-scale phenomena, such as the
time-of-flight of a GHz frequency phonon, will be detailed. The phonon probe concept
is based on time-resolved pump-probe spectroscopy which has been described pre-
viously (Section 2.2). In short, the absorption of an ultrafast pump laser pulse by a
material (e.g. opto-acoustic transducer) creates a non-equilibrium thermal state which
relaxes in the form of strain pulses. These excitations have the potential to modulate
the optical properties of the sample, for the case of time-resolved Brillouin scattering
(TRBS) this occurs photo-elastically as the presence of strain modulates the refrac-
tive index of media such as water, polymers, and biological cells. Consequently, these
events can be detected optically as fluctuations in the reflected (or transmitted) inten-
sity of a second probe laser as it interrogates the excited region. In order to temporally
resolve these events, the probe laser should consist of a pulse that is much shorter in
time than the acoustic event; furthermore the arrival time of this pulse at the sample
should be varied with respect to the stationary pump pulse. Then, by recording the
optical intensity at each slice in time, the full transient event can be reconstructed and
analysed.

The first half of this chapter will discuss the basic experimental pump-probe sys-
tem used to make TRBS measurements, in particular the benefits of synchronising the
pump and probe pulses with asynchronous optical sampling (ASOPS). The theme of
the chapter will be less focussed on fibre optics, and the fibre-transducer, and will focus
more so on the experimental foundation on which the fibre system can be integrated.
A more rigorous presentation and discussion of the fibre-optic developments within the
phonon probe system can be found in Chapter 5.

Once the instrumental framework of the experiment has been established, this
chapter will turn towards defining the tools with which data processing and analysis
can be performed. In particular, the transition from raw signal (on the oscilloscope) to
final acoustic waveform will be detailed, followed by various treatments of the wave-
forms which can be used for performing parallelised spectroscopy and imaging.
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4.1 Experimental set up

This section will focus on two themes: how the time-of-flight of a high frequency acous-
tic wave can be sampled, and the equipment capable of performing this task. The basic
mechanism of PLU, and pump-probe spectroscopy in general, is that the absorption of
the pump pulse is a periodic process which repeats at the repetition rate of the pulsed
laser system. For each pump excitation pulse, there is one probe detection pulse that
samples the reflectivity or transmissivity of the transducer/specimen at a discrete time
position as the wave propagates. Due to the aperiodicity between pump and probe
pulse timings, these generation-detection events are progressively staggered in time
until a specific time window of the acoustic wave has been sampled and recorded. The
remainder of this section will explore the common ways with which this aperiodicity is
achieved and the supplementary optical components which facilitate measurement.

4.1.1 Time resolution
Sampling

Resolving a GHz frequency acoustic waveform requires careful control of the timing
between pump and probe pulses. If considering an acoustic wave in water with cen-
tre frequency f = 5 GHz (e.g. the Brillouin frequency of water in the NIR), the period
of each wavefront will be on the order of 200 ps. In order to effectively sample the
frequency content of this wave, the Nyquist limit requires that each cycle of the wave
contain at least two discrete samples, i.e. the maximum time difference between suc-
cessive probe pulse positions should be At,,.x = 100 ps (in practice the sampling rate
will be much faster than this). In order to increase the precision with which an acoustic
frequency can be sampled, or the resolution with which two frequencies can be dis-
tinguished (discussed in Section 4.2), the number of wave-cycles detected should be
increased, which requires that these ~ ps sampling intervals should take place over the
course of nanoseconds. Increasing the temporal sampling rate also serves to partially
define the detection bandwidth of the system (~ 1/At), i.e. when the sampling interval
of the system is greater than the laser pulse width (of the probe beam in particular).
This is achieved by using pulse widths in the sub-picosecond regime if a ~ ps sampling
rate is desired.

Figure 4.1 visualises the concept of temporal sampling; at the beginning of the
excitation event, i.e. when the pump (blue pulse in figure) and probe (red pulses in
figure) are synchronised in time at the sample (0 on signal clock). Subsequently, the
timing of the two beams should be made asynchronous at a rate At, such that the
probe pulse is increasingly delayed with respect to each pump pulse (Figure 4.1 top),
thus sampling the optical response of the system (Figure 4.1 bottom). The time span of
the acoustic wave that is capable of being detected is determined by the repetition rate
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Figure 4.1: Following an initial excitation event - when the pump pulse (top blue spike)
is absorbed by the sample - a second probe pulse (red spikes in top) should be pro-
gressively delayed with respect to the timing of the pump pulse, such that it samples a
different time slice of the excited phenomenon. In order to reconstruct a 5 G Hz acoustic
waveform (blue line in bottom window), the wave must be sampled at a minimum rate of
twice per acoustic cycle, i.e. a probe delay period of ~ 100 ps. Achieving full sampling
of the acoustic amplitude will require many more samples than this; in this example,
four samples per acoustic period is still insufficient to properly determine the full ampli-
tude of the wave. Both plots share the same x-axis which is the real time signature of
the wave; the total time required for the detection system to sample the wave is shown
as the y-axis of the top figure, and is related to the delay mechanism of the pump-probe
lasers.

(r,) (of the pump pulses), while the total acquisition time is determined by the period
of the asynchronisation mechanism (¢ = 1/§ where § is the delay rate/frequency), and
the total number of samples is the product of these two N = (r,.

Optical delay line

Historically the most convenient method for varying the time delay between the pump
laser pulse-train and the probe detection train, is to physically change the path length
difference between the two lasers. In this optical delay line configuration, the path
of one beam is redirected and contains two orthogonal reflective surfaces - often two
perpendicular mirrors or a retroreflector - such that it experiences a time delay of At =
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Lc where L is the round trip length of the delay line and ¢ the speed of light (e.g. in air).
By translating the position of these reflectors, and therefore varying the length of the
delay path L, the progressively delayed probe pulse samples a subsequent position of
the excited state. An example of a commercially available delay line system (Thorlabs
ODL600) can be found in Figure 4.2a.

The relative simplicity of using an optical delay line, indeed comes at the expense of
significant acquisition times. In order to achieve time discretisation on the picosecond
scale, the linear translation stage must be capable of moving with micrometre precision;
this is often easily achieved, even down to hundreds of nanometres. However, the rate
at which the stage can be translated ultimately affects the delay period required to
reconstruct an entire trace. Typically these mechanical devices can move at velocities
up to ~ 500 mm/s; however, it is normally impractical to operate mechanical stages
at maximum velocities as mechanical vibrations will be introduced to the signal [193].
Moreover, mechanical delay lines often contain limited travel ranges reducing the total
time window of the signal. Using the Thorlabs ODL600 product as an example - which is
capable of reconstructing a total of 4 ns of time-of-flight, a maximum theoretical velocity
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Figure 4.2: (a) An example of a commercially available conventional optical delay line
(Thorlabs ODL600, photo taken from thorlabs.com). The normal path of one of the
beams (e.g. the probe, red ray in figure) is diverted in order to impose a time delay
of At = Lc where L is the total round trip length of the diversion. The length of this
optical cul-de-sac is then scanned by translating the reflecting elements, and results
in an increasing At. This technique is limited by the length of travel of the translation
stage (in part determines the detectable signal window), the velocity at which the stage
moves (acquisition time), and the need to align additional (moving) optics. (b) The opto-
electronic alternative to the optical delay line: asynchronous optical sampling (ASOPS)
(control electronics pictured in top). Time resolution is achieved by simply using two
lasers that have slightly different repetition rates, thus producing a progressive time-
delay between pump and probe pulses. The 80 MHz clock signal of the master laser
is mixed with a 10 kHz signal (function generator) to synchronise the slave laser clock
(bottom). Without the need for moving optics, ASOPS provides orders of magnitude
superior acquisition speeds compared with mechanically delaying the probe pulses.
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of 400 mm/s, and a minimum resolution of 200 nm - a time step of 1.5 ps would be
achieved by acquiring a time-point every ~ 1 ms (470 uwm movement), with the full 4 ns
requiring 3 s of acquisition (without additional averages). An example of this acquisition
period can be seen in Figure 4.3a.

Asynchronous optical sampling

A powerful alternative to the mechanically driven optical delay line arose in the last few
decades called asynchronous optical sampling (ASOPS) [194, 195]. This route to time-
resolution is achieved by utilising two lasers with slightly different repetition rates. In
doing so, the two pulses experience an incremental phase walk-out which repeats at the
frequency of their repetition rate difference. For example if a master laser (pump) is set
to 80 MHz, and the slave laser (probe) set to 80.01 MHz (a delay rate of § = 10 kHz),
the slave laser will cumulatively step away from the master at a rate of 1.5 ps per pulse.
Using this technique, the entire 12.5 ns time-of-flight between pump pulses (1/r,) can be
reconstructed in 100 us, the beat period of the master/slave. Returning to the example
used for the optical delay line, 4 ns of signal at 1.5 ps intervals would only take 30 us
(neglecting the effect of detection electronics at first) given an 80 MHz master and
80 4+ 0.01 MH=z slave (see Figure 4.3b).

In contemporary ASOPS systems the relative difference between the master and
slave repetition rates can be controlled electronically. For example in Figure 4.2b-top, a
master 80 MHz oscillator (clock for the master laser) is used as the input to a function
generator, which then mixes the 80 MHz reference with its own 10 kHz square wave
(Figure 4.2b-bottom). The 80.01 MHz output of the function generator is then used as
the input for the clock of the slave laser. Then, the repetition rates of the master and
slave laser cavities are monitored by fast photodiode, and the cavity lengths are modu-
lated by a piezo-electric transducer mirror in a closed-loop such that the repetition rate
for each cavity ultimately matches the respective master and slave clocks. This complex
feedback network required to regulate the cavity lengths and repetition rates, leads to
considerable financial cost for ASOPS-based systems, compared with the mechanical
components needed for an optical delay line. Additionally, the mechanical vibrations
of the moving cavity mirrors can introduce an error on pulse timings: jitter; a similar
effect can also be caused by thermal fluctuations in the refractive index of the laser
gain medium [196]. Jitter ultimately affects the temporal resolution of the measurement
system and therefore the detection bandwidth. Such effects are also prevalent with the
mechanically oscillated mirrors in optical delay line systems.

In spite of the above challenges, ASOPS provides several orders of magnitude
improvement on the acquisition speed compared with mechanical delay lines; in the
examples used above, this improvement is approximately 4 orders of magnitude. This
level of improvement ultimately provides opportunities to (1) attain significant increases
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Figure 4.3: Comparison of detecting 4 ns of a 5 GHz acoustic wave (blue line in (c)) with
1.5 ps temporal resolution using an optical delay line (a) and an ASOPS laser system
(b) (in both cases pump and probe have native r, = 80 MHz repetition rates). (a) Using
the Thorlabs ODL600 product as an example, at maximum stage velocity, a single time
slice can be sampled every 1 ms, and therefore the entire time window can be detected
in roughly 3 seconds (y-axis). Conversely, an ASOPS system shifts the repetition rate
of one of the beams by r/ = r, + 4. The shifted pulse will then sample a different slice of
the wave, which is generated at a frequency of r,. For § = 10 kHz, the pump and probe
will re-synchronise every 100 us (1/4) which in part determines the acquisition speed
of the system. In the example here, 4 ns of signal is attained in ~ 30 us (neglecting
memory and data transfer).

in SNR (per unit time), (2) increase acquisition speed towards real-time performance,
or (3) scan much larger fields of view (per unit time). Furthermore, the lack of additional
optical components (with ASOPS) negates the need to carefully align a variable length
optical path, nor compensate for a changing optical spot size at the sample plane (e.g.
due to imperfect beam collimation) [194].

The ASOPS laser system, and its powerful time resolving capabilities, will serve
as the primary engine for the pump-probe experiment that will be described in the
following section. The various optics and electronics required to make ultrafast acoustic
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measurements will now be introduced, and discussed in the context of creating the first
optical fibre implementation of time-resolved pump-probe spectroscopy.

4.1.2 ASOPS pump-probe optical system
Laser sources

Ultrashort pulsed lasers are central to the time-resolved pump-probe system on which
the phonon probe is based. The lasers used for this study are the Tsunami Se-
ries by Spectra Physics. A Millennia eV 532 nm pump laser is used to lase the tita-
nium:sapphire gain medium within the Tsunami cavity over a bandwidth of ~ 100 THz,
resulting in a wavelength tuning range of AX = 200 nm over the NIR spectrum (700 —
900 nm). The length of the Tsunami Fabry-Pérot cavity determines the repetition rate of
the pulse train, which is inherently 80 MHz. Wavelength selectivity is achieved using a
birefringent element within the cavity length, which when turned by a micrometre, selec-
tively transmits according to wavelength. An acousto-optic modulator is used for active
mode-locking and pulse compression down to the range of 100 fs. The 7 = 100 fs
pulse width of the beams contributes to the overall time resolution of the measurement;
with a delay rate of 6 = 10 kHz (At = 1.5 ps), the condition 7 < At is preserved
implying that temporal resolution is not limited by the laser pulse width. Furthermore,
the timing jitter produced by this laser system is on the order of < 0.5 ps, and therefore
does not limit bandwidth compared with the delay rate (bandwidth discussed later in
the section).

Two such Tsunami cavities are used for the pump and probe laser pulse trains. For
ASOPS configuration, their relative repetition rates are controlled electronically with a
function generator (pictured on the top rack of Figure 4.2b) which synchronises the
cavities relative to the master 80 MHz oscillator (e.g. the pump laser). After achieving
wavelength tuning and mode-locking, the output Gaussian beams from the laser cavi-
ties can achieve average powers on the order of 1 — 2 W, which translate to peak pulse
powers of over 100 kW, and maximum pulse energies of ~ 25 nJ.

The NIR output of one beam can be frequency doubled, using a second harmonic
generation crystal, if NUV wavelengths are desired. This is the usual case for phonon
microscopy, and ultrafast spectroscopy of metallic nanoparticles for which this optical
system is used. A typical NUV-NIR configuration of the experiment is shown in Figure
4.4.

Optical elements

From the output aperture of the tuning cavities, the beams are directed by a high power
turning mirror into the succession of downstream optics. In general, both NUV and NIR
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Figure 4.4: Schematic of the experiment used to perform pump-probe spectroscopy
with NUV-NIR wavelengths. Two NIR femtosecond pulse width lasers are synchronised
using ASOPS. One of NIR beams can be frequency doubled using a second-harmonic
generation crystal. Each optical path contains: power attenuation, beam expansion,
and 4f systems. Blue and red are combined using a dichroic before travelling to the
sample plane. Double-sided red arrows indicate forward and back-reflected probe light.
The detected signal passes through a detection chain of: DC capture, AC amplification
and low pass filtering, AC digitisation from oscilloscope, and computer storage. BE -
beam expander. 129



paths contain high reflectivity broadband dielectric mirrors, and achromatic lenses with
wavelength-specific anti-reflection coating. In order to reduce ~ W average power
down to the mW range, the combination of a half wave-plate and a polarising beam-
splitter are used to attenuate power as a function of the wave-plate rotation position.
Faraday isolators are utilised to prevent back reflections from re-entering the Tsunami
cavities and causing instabilities to the cavity modes. Newport Broadband Faraday
Optical Isolators are used providing 90% transmission and 30 dB isolation in the NIR.

Beyond this point, the optical elements are strictly for utilising the system to perform
conventional pump-probe measurements in free-space. This will be briefly discussed
since it is the foundation and reference point for adaptation to optical fibres. Each
pump/probe path contains a beam-expander, two lenses with focal lengths £, > fi,
which allows the originally < 2 mm beam to expand to fill the back aperture of the
downstream objective lens, and thus achieve the full numerical aperture. The expanded
and collimated beams then pass through a final turning mirror (which can be used to
adjust the overlapping between the pump and probe spots) before entering a 4f imaging
system. The 4f systems ensure that adjustments of the turning mirrors are imaged onto
the back focal plane of the objective lenses without clipping the objective aperture.
Following the first 4f, NUV and NIR are combined with a dichroic beamsplitter which
is followed by a fast scanning mirror. This allows simultaneous raster scanning of both
pump and probe spots if desired. Additional 4f systems are used as the beams are
periscoped up to the microscope body / objectives lenses where the sample is placed
(see Figure 4.6).

The optical system can also be converted into a NIR-NIR configuration (NIR pump
wavelength), by using a magnetic removable mirror in between the pump cavity and its
doubler (Figure 4.5). This may be desirable when NUV phototoxicity is of concern, or
if a particular nanostructure optically resonates in the NIR. This alternative NIR path
contains the same basic set of optical elements, and is combined with the NIR probe-
labelled beam using a 50/50 non-polarising beamsplitter (NPBS). However, in practice,
the pump-probe roles of the two NIR beams are interchangeable.

Detection chain

For the NUV-NIR and NIR-NIR configurations discussed thus far, probe light that has
transmitted through or reflected from the sample plane (Figure 4.6) can be detected
in parallel. For the case of the reflected probe signal, the light will travel backwards
through the optical systems shown in Figures 4.4-4.5, and will be tapped out by a 50/50
NPBS where a 50 mm focal length lens focuses onto a photodetector. This equivalent
process occurs for the transmitted portion of the signal above the microscope body.
The detector used in experiment is a Thorlabs Si Switchable Gain Detector (PDA36A)

which operates over the wavelength range 350 — 1000 nm. A gain of 10 dB is utilised
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Figure 4.5: The optical system in Figure 4.4 can be modified to perform with two NIR
wavelengths for the pump and probe. A magnetic removable mirror (shown as a dotted
box in the top left) is placed between the pump laser and its frequency doubler, after
which the light follows a similar path to the probe laser. Beam propagation follows the
same directions shown in Figure 4.4. Both NIR beams can be directed to the detector,
or one can be optionally long-pass filtered.
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Figure 4.6: Basic diagram of the sample plane for the free-space implementation of the
pump-probe system. Either a NUV-NIR or NIR-NIR pump-probe combination is directed
through a series of 4f systems such that the beams can be translated in space while
still being accepted into the back aperture of a microscope objective lens (bottom lens).
After interacting with the transducer and sample, the probe light can be detected in two
configurations: the signal light that has transmitted through the sample, and signal light
that reflects from the transducer/sample and travels back through the optical systems
in Figures 4.4-4.5. A mechanical stage can be used to control the x/y position of the
pump-probe spots with respect to the sample for scanning and imaging.

which provides a detection bandwidth of 5.5 MHz. The offset between the 100 s
acquisition period (given by 6 = 10 kHz) and the 12.5 ns signal window (given by
rr = 80 MHz), also results in acoustic frequencies being downshifted by the same factor
of 8000 in the detected signal. Therefore a 5.5 MHz detector bandwidth translates to
a frequency in the signal domain of roughly 50 GHz. This is far more limiting than the
~ 1 THz bandwidth provided by the time delays of the probe pulses (At = 1.5 ps),
and also less than the ~ 0.1 THz acoustic generation bandwidth of the pump laser
absorption (Figure 2.12). Considering that the frequency band of interest for TRBS in
liquids and biological media is in the 1 — 20 GHz range, the ~ 50 G Hz bandwidth of the
system is sufficient.

After a signal is collected at the detector it is relayed by coaxial cable to: (1) a Mini-
Circuits RF amplifier (ZFL-500LN-BNC)), and (2) a National Instruments analogue to
digital converter BNC-2110. The latter digitises the photovoltage from the DC light level
of the signal, for use in later signal processing. The output of the amplifier is then low
pass filtered and passed to an input channel of a digital oscilloscope LeCroy HRO66Zi.
The § frequency waveform produced by the function generator (e.g. § = 10 kHz) is set
as the input/external trigger for the oscilloscope. The sampling rate of the oscilloscope
can be varied up to 2 GS/s, however to avoid over-sampling, typically a value in near
100 MS/s is chosen to match the 80 MS/s discretisation of the ASOPS system (at
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=10 kHz).

Due to the inherent weakness of the TRBS process, where approximately 1 in 10°
photons contributes to the AC component of the signal [168], the output modulation
depth of the TRBS signal will require additional averaging. Linearly increasing SNR
can be achieved by increasing the energy density of the pump beam, as this directly
scales the amplitude of the phonon field. In the shot-noise limited case SNR can also
scale as v/N by increasing the probe energy density. However, in both cases, additional
heating and/or light exposure could lead to damaging the region of interest.

Performing averaging, either by integrating for longer time periods on the oscillo-
scope or by averaging measurements in post-processing, will also improve SNR at the
cost of acquisition time and therefore longer potentially-damaging exposures. The rate
of improvement of SNR as a function of averaging and acquisition time can be found in
Figure 4.7, which uses the example of the amplitude of the detected Brillouin frequency
in water using a 20 nm gold layer transducer (signal processing in Section 4.2). The
experimental rate of improvement for SNR (red circles) matches the theoretical relation-
ship SNR ~ /N (red line). Another compromise for increasing acquisition speed while
maintaining higher averaging is to reduce the detection window from 100 us to 50 us,
which has the adverse affect of shortening the available time window from 12.5 ns to
6.25 ns. In many cases this trade off is acceptable since high frequency acoustic signals
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Figure 4.7: Signal-to-noise ratio of a TRBS signal in water as a function of total num-
ber of averages (averaged in post-processing, with a fixed number of averages on the
oscilloscope per data point) and therefore acquisition time. In addition to signal aver-
aging, SNR can also be scaled by increasing the pump and probe beam power density
according to the relationship in Equation 2.78.
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will attenuate within this time-span (discussed in Section 5.1). Reducing the time-base
effectively shortens the time required to buffer the data from the previous just-acquired
signal, i.e. 100 ps+bufferigo.s > 50us-+buffersg,s. The ideal configuration for acqui-
sition parameters will depend upon the desired measurand. For example if using the
phonon probe as an in situ Brillouin spectrometer for liquids or polymers, additional
optical power and/or heating may not be of concern and less averaging may be used
for speed. Conversely, if the phonon probe is being used an endoscopic imaging tool
on biologically relevant samples, reducing power and exposure may be more critical.

Future strategies for increasing acquisition speed will focus on overcoming the bot-
tleneck created by the synchronisation of the pump and probe pulses. One possibility
for this is converting the probe beam from a synchronised pulsed laser to a continu-
ous wave laser (e.g. see [119]), which would require a photodetector and oscilloscope
with analogue bandwidths that cover the signal band of interest, e.g. fnax > 5 GHz
for TRBS in aqueous materials with NIR probe wavelengths. This and other potential
strategies, such as encoding the TRBS signal onto a time-stretched rainbow pulse (e.g.
see [181]), would lead to a drastically more cost effective optical system at the cost of
developing novel signal processing and data-storage protocols.

Finally, a computer connects with both the A2D converter and the oscilloscope out-
puts in order to store the data. In addition to controlling the Millennia pump lasers,
the entire experimental protocol is called from this PC, using the D-scan software pro-
gramme that has been developed in the Optics and Photonics Group at the University
of Nottingham. This provides storage of data in addition to controlling supplementary
components, such as x/y/z stages, CCD cameras and webcams, and solenoid beam
shutters. Following this data acquisition procedure, the data will be conditioned and
analysed using the signal processing protocols set out in Section 4.2.

Fibre adaptation

By adding three magnetic removable mirrors and two additional fibre coupling facilities,
the paths of the pump-probe optical system described in the above section can be con-
verted from free-space to optical fibre. With the system in NIR-NIR mode - to keep the
pump and probe wavelengths within 200 nm of each other for single-mode operation
(Section 3.1) - mirrors are placed after the isolators directing the beams into unoccu-
pied space on the optical bench (see Figure 4.8). Each beam is then aligned to enter a
Thorlabs Achromatic FiberPort (A = 650 — 1050 nm) with normal incidence. The Fiber-
Port contains a small lens at the front aperture which focuses the input collimated light
to a fixed focal distance where an FC/PC-terminated 780HP single-mode patch cable
is placed (NA of the lens matched to that of the fibre). The lens is placed in a cell that
needs to be aligned in the x/y plane and three tip/tilt directions, in order to maximise
the coupling efficiency and power output of the attached optical fibre. The placement
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Figure 4.8: The experimental optical system can be adapted to convert free-space
pump-probe beams into optical fibore. Removable magnetic-mount mirrors are placed
into the beam paths which deliver light into Thorlabs FiberPorts: a small articulating
lens which focuses light into the core of a connected optical fibre patch cable. Once
fibre-coupled the pump and probe beams can be delivered into a common channel
containing the transducer. The same photodetector as before will now be placed at
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of the FiberPorts allows control to be maintained over the average powers of the beams
(using the half wave-plate and PBS combination), and utilises the isolators to prevent
strong reflections that might occur when placing additional optical fibre connections in
series with this path.

Whereas the free-space configuration combines and separates pump-probe beams
using a dichroic beamsplitter (for NUV-NIR wavelengths) or a NPBS (for NIR-NIR wave-
lengths), a similar solution will be required for the fibre variation of the system. After
coupling both pump and probe into optical fibre patch cables, these cables should be
joined into a common channel which is terminated by the fibre-transducer. Figure 4.9
shows a diagram of a basic way this can be carried out: two 1:2 optical fibre-couplers
(3dB) in series with one another, the first used as the probe input and output channel,
and the second used to combine the pump and probe beams (both NIR) into a common
channel terminated by the transducer.

This section has introduced the fundamental optical system that is capable of excit-
ing and detecting high frequency acoustic phenomena. An ASOPS configuration for the
pump and probe femtosecond pulsed laser beams provides access to ps — ns features
within a signal, and more importantly does so with greater acquisition speed relative
to the traditional optical delay line method. However, the modulation depths that this
system intends to detect are still extremely faint. Additional averaging and integration
time are typically required to generate high SNR signals creating a trade-off between
SNR and speed. The following section will now detail the signal processing procedures
which transform raw signals into useful acoustic waveforms.

probe

> coupler coupler
#1 #7
*
— — |

detector

transducer

—
pump

Figure 4.9: Diagram of the optical fibre analogue of beam combination and separation
(required for pump-probe measurements) using two 1:2 3dB fibre-couplers in series
with one another. The first coupler acts as the input and output for the probe beam (ter-
minated by a detector), similar to the (bottom purple-coloured) 50/50 NPBS in Figure
4.4. The second coupler acts as the combining element, similar to the (pink-coloured)
dichroic beamsplitter in Figure 4.4.
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4.2 Data processing

In this section the protocol for processing the experimental TRBS signal will be defined.
This is primarily achieved using Matlab to organise, operate upon, and display the data.
The waveform that is recorded by the oscilloscope must be treated to remove various
unwanted features before obtaining the time-of-flight of the acoustic phenomena sam-
pled by the ASOPS pump-probe system. Transformation of the time-domain signal into
the frequency domain will enable Brillouin spectroscopy and therefore the characteri-
sation of viscoelastic properties of the material in which the phonon probe is immersed.
The discussion will then transition to measuring signal frequency as a function of time,
i.e. time-frequency analysis. The latter will play a crucial role in utilising the phonon
probe as a 3D imaging tool for microscopic objects.

4.2.1 Standard signal processing
Time domain

Prior to an experiment, the user generates a con-file containing the scan instructions -
e.g. mechanical stage movements / number of measurements per point / etc - which
is passed to the data acquisition software (D-scan). During and after an experiment,
D-scan writes the experimental data to a series of files and file-types: dat-file which
contains the raw oscilloscope output (AC), m-file containing the meta-data for the scan
including names for file-bases and oscilloscope parameters, and a d-file containing the
average photovoltage level(s) (DC). A custom Matlab script has also been developed
by the Optics and Photonics Group (to which | have also contributed) to parse and
process the raw data according to the methodology that will be presented below.

The experimental case study used for this discussion of signal processing, is a
20 nm gold transducer (on a planar glass slide), topped with a droplet of water. The
experimental set-up was that of the NIR-NIR free-space configuration shown in Figure
4.5, where the signal has been detected in transmission (top output in Figure 4.6).
The target signal for this experiment is the time-resolved signal due to the probe beam
Brillouin scattering with fg = 5 GHz phonons in the water medium. Pump and probe
wavelengths were 720 and 780 nm respectively, with average powers of 8 m\W each
(=~ 0.4 NA objective lenses on top and bottom). Oscilloscope averages were set to 30k
per acquisition, which was performed a total of 60 times (60 counts), for a total of 1.8
million averages.

The raw AC time trace (AT) from the oscilloscope is shown in Figure 4.10a. Upon
first glance, a sharp spike in the signal level is seen at around t = 7 ns followed by
a high frequency oscillation. Initially, this AC signal is normalised by the DC-level (T)
(Figure 4.10b) that was acquired using the A2D converter (it is worth noting that the DC
measurement can also be made using an empty channel on the oscilloscope but adds
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Figure 4.10: Logic diagram for the standard signal processing protocol. (a) Raw (trans-
mittance) AC signal as output from the scope. (b) AC signal is normalised by the DC
photovoltage as measured by the A2D converter (or a separate channel on the oscil-
loscope). (c) Location of the coincidence peak (red) which occurs when the pump and
probe are synchronised; a user-defined offset (green) will be applied to indicate the
onset of the region of interest. (d) Time-vector of the signal is shifted such that the co-
incidence peak is time zero. (e) Signal is cropped again to only consider the high SNR
segment (e.g. t = 0 — 5 ns). (f) Signal is low pass filtered. (g) The slow thermal decay
following the coincidence peak is fitted to a polynomial expression and subtracted. (h)
Final modulation depth of the acoustic wave.
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additional acquisition time). DC-normalising the signal (AC — AC/DC) provides a basis
for comparing the signal across experiments, transducer types, or even environmental
conditions.

When the pump and probe pulses overlap in time, an intense excitation process
is instigated within the transducer. In this highly excited state, the existence of non-
equilibrium electrons and lattice phonons (heat) are capable of affecting the optical
properties of the transducer [121]. What results is a sudden spike, or a coincidence
peak, in the optical response of the system, followed by a slower relaxation process. In
order to begin removing this effect, the coincidence peak is first located by searching for
the maximum change in transmittance/reflectance (Figure 4.10c), and the time-vector
of the trace is shifted such that the coincidence peak occurs at t = 0 (Figure 4.10d).
Then the trace is cropped to the length of signal time that is of interest to the user
(Figure 4.10e), e.g. the 5 ns following time zero. At this point the trace is low pass
filtered to accentuate the signal bandwidth of interest, which in the case of TRBS in
water with a NIR probe wavelength is < 50 GHz. This is accomplished by filtering the
time-signal in the Fourier domain with a Hann window whose width is determined by the
desired cut-off frequency, followed by inverse transforming the filtered signal back into
the time-domain (resulting in Figure 4.10f). A final step is performed in order to remove
the slowly varying thermal decay that follows the initial excitation; this is achieved by
a fitting a polynomial and subtracting it from the signal [197, 198] (Figure 4.10g) that
has now been cropped to start at the coincidence peak position plus a user-defined
offset (green circle in Figure 4.10c). What results is now the final modulation depth
(i.e. AC/DC - AT/T or AR/R) of the optically detected acoustic time-of-flight, found in
Figure 4.10h.

Frequency domain

The frequency of an acoustic wave is related to the elastic properties of the medium in
which it is travelling. The fields of TRBS and Brillouin spectroscopy/microscopy rely on
measuring acoustic frequency - in the form of optical frequency shifts (Brillouin shifts) -
to access to novel elastic information about a specimen [142, 180, 199]. For the case
of TRBS, the original broadband phonon field that coherently emanates from the trans-
ducer is effectively bandpass filtered by the phase matching condition of the Bragg
condition at the selected probe wavelength (and linewidth of the probe laser). This
ensures that any acoustic wave sampled through TRBS will possess a wavelength of
Xa = Aprobe/2n (Equation 2.22) and will oscillate with frequency fg = v/X,. Therefore,
in a single static material the TRBS signal will oscillate at a single Brillouin frequency.
However, if the experiment takes place in a heterogeneous medium, across the space
of multiple materials (e.g. glass and water), or in a dynamic environment (e.g. under-
going heating and cooling), variations in material properties will give rise to shifts in
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the sampled acoustic wavelength. Consequently, multiple Brillouin frequencies will be
present in the TRBS signal providing an opportunity for multiplexed material sensing or
spatially resolved frequency measurements.

In order to characterise the frequency content of a detected acoustic wave, the time-
of-flight signal is Fourier transformed using a fast Fourier transform algorithm (Matlab).
The resulting frequency spectrum (Figure 4.11b) reveals the amplitude (Fourier coeffi-
cient) contributed by each frequency-bin in the Fourier series. The inherent frequency
resolution (bin spacing) of a measurement will be determined by the temporal extent of
the signal, i.e. if the entire 12.5 ns time window is preserved the frequency bins should
be spaced 80 MHz apart. However, in practice the time window is often shortened,
which decreases the frequency resolution (wider bins). This can be mitigated by zero-
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Figure 4.11: (a) Transmittance modulation depth using one count of 30k oscilloscope
averages for demonstration purposes. (b) Fast Fourier transform of (a) which pro-
vides the frequency spectrum of the oscillation. Absolute (red circle) and local (pink
circle) maxima can be located in order to characterise the elastic signature of the
sample. In this example, 5.13 GHz and 21.47 GHz frequency peak (A(fg)) loca-
tions have been identified and correspond to the Brillouin frequency shifts (fg) in wa-
ter and glass respectively. (c) Additional averaging of (a) using the mean signal of
60 sequential measurements. (d) The corresponding frequency spectrum to (c) dis-
plays similar amplitudes and fg characterisations, fg(H.0O) = 5.11 + 0.01 GHz and
f8(S5i02) = 21.68+0.05 GHz, as does (b); albeit the increased averaging has improved
the SNR by a factor of ~ 7.
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padding the signal to interpolate the frequency sampling rate, which will be discussed
in Section 5.2.3.

Characterising the most prevalent amplitude in the frequency domain, is the equiv-
alent of characterising the strongest amplitude phonon frequency. Experimentally this
is achieved by simply searching the frequency spectrum of the signal in the window of
interest, e.g. 0 — 30 GHz, for the maximum amplitude value using a basic max-locating
algorithm (Matlab). This can also be aided by using a user-defined threshold below
which max-amplitudes are not measured. Figure 4.11b reveals the frequency spec-
trum of the time-resolved signal in Figure 4.11a (same as Figure 4.10h) attained with
a zero-pad of 2'°. Two separate windows - f < 15 GHz and f > 15 GHz - were used
to find frequency peaks at 5.13 GHz and 21.47 G Hz which displayed modulation depth
amplitudes of approximately 10~ and 10~°. These two frequencies can be identified
as the Brillouin frequency shifts (fg = 2nv/)) of the A = 780 nm probe laser in water
and the glass of the transducer substrate, respectively.

The modulation depth measurement in Figure 4.11a was attained using 30, 000 os-
cilloscope averages. This was repeated 60 times resulting in 60 separate measure-
ments. These measurements can be averaged in post-processing to increase the SNR
of the technique. Figure 4.11c shows the result of this operation, and its corresponding
frequency spectrum in Figure 4.11d. By increasing the averaging from 30k to 1.8M,
the SNR of the fg-water amplitude was estimated to increase by a factor of 7.1 which
matches the expected value of v/60 ~ 7.7. Furthermore, the standard deviation of the
60 frequency peak location measurements can be calculated, resulting in Brillouin fre-
quency shift characterisations of fg = 5.11 +£0.01 GHz and fg = 21.68 £+ 0.05 GHz for
water and glass respectively.

Signal amplitude modulation

Once the dominant signal frequency has been identified (fg), this can be used to extract
additional information from the time domain as it pertains to the rate of signal decay.
As recently demonstrated [200], signal attenuation in opto-acoustics can occur by both
optical and acoustical means; therefore, one must exhibit caution when attributing the
source of the attenuation effect. However, for the case of low NA provided by the optical
fibre, signal attenuation will be dominated by acoustics [200]. In any case, the rate of
generic signal attenuation can be estimated by using an iterative minimum-value search
algorithm. The goal is to empirically construct an equation for the TRBS signal, which
is assumed to be an exponentially decaying sinusoid:

S(t) = A+ Bsin(2nfgt + ¢p) e *V* (4.1)
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where A is a vertical offset, B the sinusoid amplitude, o the attenuation rate, and v the
sound velocity in the medium (e.g. water). In order to numerically determine the pa-
rameters in Equation 4.1, a series of guesses are defined by the user for the following
quantities: (1) experimental signal frequency (fs ~ 5 GHz), (2) offset (A = 0), (3) am-
plitude (B = amplitude of modulation depth), (4) phase offset of the sinusoid (¢ = ),
and (5) the decay rate (o ~ 0.5 um~! [201]); the guesses for quantities (1) and (3) can
be formulated through inspecting the FFT-spectrum, and even (5) as with conventional
Brillouin spectroscopy. The algorithm then iterates through permutations of these pa-
rameters, until the minimum residual error is located between the experimental signal
and Equation 4.1. Figure 4.12 shows the result of this process for the example of the
modulation depth in Figure 4.10h (blue - experimental and cyan - fitted). Furthermore,
the approximate signal attenuation rate o can be calculated « ~ 0.4 pm™! and is within
reasonable agreement with literature [201].

The time domain signals presented thus far can be converted into the 1D spatial
domain, i.e. z = vt (x-axis in Figure 4.12), providing a ruler with which to make in-
depth spatial measurements (in the direction perpendicular to the fibre end-face). The
ticks on this ruler, and therefore the axial resolution, will be determined by the acoustic
wavelength, which at GHz is sub-optical. If there is a priori information that there is only
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Figure 4.12: The attenuation of the TRBS signal can be determined by numerically
deriving an expression for a decaying sinusoid which matches the characteristics of
the experimental signal. The algorithm is passed a set of user-defined guesses for
the signal expression in Equation 4.1, and then locates the combination of parameters
which minimises the error between experiment (blue curve) and fit (cyan curve). The
signal attenuation rate for this example was calculated to be o = 0.4 um~! which agrees
with values found in literature [201]. Time-domain has been converted into 1D spatial-
domain using the fixed relationship between distance and time, z = vt assuming that
the sound velocity of the medium is known and constant.
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a single medium within the measurement window, e.g. water, and the sound velocity
of this medium is known, then the entire time-vector can be converted into an evenly
spaced spatial-vector. However, if there exists a spatial variation in sound velocity, e.g.
if there is a boundary between two materials, then the following criteria must be met:

e the two sound velocities must be measured by identifying Brillouin frequency
peaks in the Fourier domain (given a priori information that refractive index is
constant or characterised for each material).

¢ the position of the instantaneous change in velocity must be localised - such
that the discretisation of the spatial domain in each material i can be defined
Az; = Av;t.

The following section will introduce a time-frequency analysis technique with which
these criteria can be met towards the application of the phonon probe to profilometry
and 3D imaging.

4.2.2 Time-frequency analysis: wavelet transform

If the measurement volume of phonon microscopy, and now by extension the phonon
probe, contains a transition in the local sound velocity and/or refractive index, this will
manifest as a change in Brillouin frequency. This frequency modulation could be due
to a change in material or a change in the state of a single material. The existence
of this effect can be confirmed by simply taking the Fourier transform of the entire
time-length of the TRBS signal, where multiple frequency peaks will be revealed and
characterisable. For example, Figure 4.13 shows a result from the PLU-model, where
beyond the transducer there lies a boundary between water and polystyrene (PS) (Fig-
ure 4.13a). The change in the frequency of the sampled phonon can easily be seen
in the time-domain (Figure 4.13b), and is quantitatively confirmed by analysing the
two frequency peaks in the Fourier spectrum (Figure 4.13c): fg(H>0) = 5.1 GHz and
fs(PS) = 9.3 GHz. However, simply characterising the frequency peaks in the Fourier
domain does not provide spatial information about the change in material, as is obvious
in the time-domain.

In order to attain the time-dependency of the frequency-variation in the harmonic
TRBS signals, a suitable time-frequency analysis tool should be used. In this study,
the continuous wavelet transform (CWT) will be used to perform this type of analysis.
Compared with other techniques, such as short-time Fourier transform (STFT) and
zero-crossing analysis (ZCA), there are unique advantages to using CWT. The qualities
of STFT and ZCA methods will be very briefly summarised:

e STFT - effectively the entire length of the signal is segmented into slices of At
within which separate Fourier transforms are performed. The size of the At win-
dow determines the frequency resolution of the technique Af ~ 1/At. Therefore
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there exists a fixed trade-off between time-resolution and frequency-resolution
[202].

e ZCA - very easily performed and understood method where the instantaneous pe-
riod of a sinusoidal signal is determined by tracking when the oscillation crosses
amplitude A = 0. This technique is easily contaminated by both high frequency
noise (false zero-crossing events) and low frequency noise (mean peak-to-peak
amplitude dislocating from A = 0). Furthermore, ZCA is only capable of provid-
ing frequency measurements and not the relative amplitude of the wave at the
detected frequency [203].

CWT is a process by which a time-varying signal 7(t) (e.g. the TRBS signal) is band-

water
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1 1 1
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0 5 10 15
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Figure 4.13: (a) Example of a sample volume in which a change in detected Brillouin
frequency can be observed as the probe beam transitions from Brillouin scattering in
the water to the polystyrene (PS). (b) The mesh architecture in (a) was used to simulate
the reflectance TRBS signal (x-axis converted from time to axial distance) using the
PLU-model. (c) FFT of the modulation depth in (b) revealing frequency peaks at g =
5.1 GHz and fg = 9.3 GHz which are characteristic of water and PS respectively. The
existence of multiple frequency components can be easily observed in the time/spatial
(b) and frequency domains (c), however, time-frequency analysis allows the position of
this transition to be quantitatively analysed.
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pass filtered by the impulse response WV, ,(t) [202, 204]:

W, b(t) = jgw(t - b) (4.2)
This impulse response, is referred to as the mother wavelet of the transformation. Start-
ing with an arbitrary mother wavelet found in Figure 4.14a, the dilation parameter a will
control the scale of the wavelet, i.e. the centre frequency (f.) a ~ f1. This mother
wavelet is then transformed with a signal of interest (blue line in Figure 4.14b) at each
position in time as it translates across the trace (at a rate b). This transformation pro-
duces a set of wavelet coefficients (C,,), similar to how a Fourier transformation results
in a set of Fourier coefficients:

Cula, b) = / z F(£)V, p(t)dt (4.3)

The wavelet coefficient at each time position will then reflect the amplitude of the signal
at 1. (Figure 4.14c); or if a range of scales a are passed through the transformation,
the technique can produce a spectrogram of the time-varying frequency spectrum as
presented in Figure 4.14d.

One of the main benefits of CWT, is the finite nature of the mother wavelet, as
opposed to the series of infinite sine waves used in Fourier transforms (and STFT). As
seen in Figure 4.14a, the envelope of the wavelet is non-zero for a finite duration in time.
This allows the time-resolution of the technique to scale with the centre frequency of the
wavelet, when the envelope is defined by a fixed number of cycles, unlike STFT. This
concept is shown in Figure 4.15, where the time resolution (indicated by the full width at
half maximum) of each wavelet increases as the wavelet centre frequency increases.
Furthermore, as the envelope width of the wavelet varies with centre-frequency, so
too does the frequency bandwidth of this envelope due to the reciprocal relationship
between time and frequency Af ~ 1/At. Therefore, as time-resolution increases,
frequency-resolution decreases, and vice versa (Figure 4.15) [204, 205]. This is an
especially useful feature of CWT which is unavailable to STFT and ZCA. However,
there is a double-edged sword in that low frequencies cannot be measured with great
time-resolution and measuring small changes in frequency at high frequencies will be
sub-optimal (more detail below).

There exists a range of mother wavelet types, each suited to a particular set of ap-
plications. For the time-frequency analysis of harmonic signals, a mother wavelet with
smoothly varying oscillation features (i.e. continuous derivatives) will be ideal as this
will match the relatively smooth oscillations of a phonon field. One example that meets
this criterion, and the wavelet of choice for this study, is the complex Morlet (cMor).
The cMor is constructed by applying a Gaussian envelope to a complex exponential
(as seen in Figures 4.16a-b):
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Figure 4.14: (a) Basic example of a mother wavelet used to wavelet transform the
time-signal of interest. The centre frequency of this wavelet is scaled by a dilation
parameter a which allows different variations of this mother wavelet to sample different
frequency content within the time-signal. The transformation of this wavelet and the
time-signal (b) is then translated across the temporal extent of the signal. The integral
under the curve of the signal-mother product (at a single slice in time) can then be used
to analyse the amplitude of the centre-frequency at that position in time (c). In this case,
the amplitude decay at 5 GHz in Figure 4.12 (cyan line) is recovered. (d) Varying the
dilation parameter produces a spectrum of frequency-amplitude as a function of signal



where f. is the centre frequency and 1, is a bandwidth parameter for the wavelet, which
is equivalent to the standard deviation of the Gaussian [205]. This family of wavelets
also provides unique benefit in that the mother contains an analytical solution; the
complex nature of the wavelet preserves the phase of the signal and transformation,
whereas taking the complex magnitude of the wavelet coefficients reveals the amplitude
roll-off in Figure 4.14c.

Consistent with the general definition of a wavelet in Equation 4.2, the cMor can be
scaled in frequency (Figures 4.16¢-d) in order to analyse the specified frequency win-
dow. The width of the Gaussian envelope of the cMor can also be used to change the
bandwidth of the wavelet. As seen in Figures 4.16e-f, changing the bandwidth param-
eter of the mother wavelet permits more or less periods of the complex exponential to
contribute to the transformation. This provides a route to to optimising time-frequency
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Figure 4.15: Visualisation of the time-frequency resolution relationships provided by
continuous wavelet transforms. Since the mother wavelet spans a finite time-length,
the time-resolution of the transformation scales with centre-frequency (length defined
by fixed number of cycles). In other words, the more compact nature of a higher fre-
quency wavelet (yellow wavelet) means that they can sample rapid variations in the
signal frequency. However, this comes at the cost of frequency resolution. By taking
the Fourier transform of the low-frequency envelope of each wavelet, the frequency-
bandwidth of the wavelet is determined (y-axis) and reveals a reciprocal relationship
between time and frequency resolution given an envelope width of a fixed number of
cycles.
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resolution, albeit with the same trade-offs as mentioned previously.

Using the experimental TRBS signal presented throughout this section (Figure 4.10h),
the effect of mother wavelet bandwidth can be observed in Figure 4.17. In each
row the wavelet bandwidth is fixed, and the centre frequency varied over the window
f. = 3 — 7 GHz; when the mother wavelet contains fewer periods of oscillation (Figure
4.17a-b), the spectrogram rapidly responds to the amplitude decay of the signal along
the x-axis, but does so with poorer frequency resolution as seen by the spread along
the y-axis. Conversely, when the envelope of the mother is widened (Figure 4.17e-f) the
frequency resolution in the spectrogram becomes noticeably narrower, yet the length of
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Figure 4.16: A complex Morlet mother wavelet is constructed by multiplying a Gaussian
envelope (orange) with a complex exponential (blue, only real portion showed), result-
ing in the waveform found in (b). This wavelet can be stretched (c) or compressed (d)
in the time-domain by changing the centre-frequency of the complex exponential and
thus the wavelet, while maintaining a fixed number of cycles. Additionally, the centre-
frequency can be fixed and the bandwidth of the waveform can be decreased (e) or in-
creased (f) by changing the width of the Gaussian envelope, offering routes to increase
time-resolution (e) or increase frequency resolution (f) for a given centre-frequency.
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Figure 4.17: The effect of wavelet bandwidth, or the number of sinusoidal cycles, in
time-frequency analysis of the TRBS signal in Figure 4.14b. The transition from using
a mother wavelet with few cycles (a) to many cycles (e) corresponds to progressively
worsening time resolution (and spatial resolution through z = vt), yet progressively im-
proving frequency resolution as seen in the spectrograms in (b) through (f). (g) Tracking
the change in amplitude (wavelet coefficient) of a single centre-frequency as a function
of signal-time and wavelet bandwidth. (h) Tracking the change in frequency which con-
tributes the maximum amplitude to the signal. Both (g) and (h) confirm that faster
processes can be observed using a wavelet with fewer cycles, yet there is greater SNR
and frequency resolution when using a wider wavelet.
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the wavelet is less conducive to resolving sharp changes in amplitude. Figures 4.17g-
h display: (g) the time-varying amplitude at the centre frequency of the signal (e.g.
~ 5 GHz), and (h) the maximum amplitude frequency along the time-of-flight, both as a
function of wavelet bandwidth. In both cases the shortest length wavelet (blue colour)
provides the sharpest response to changes in amplitude. However, in both cases it
does so with lower SNR, and thus less accuracy in characterising frequency, than does
the wider wavelet (yellow colour). Ultimately, the optimum choice in mother wavelet
parameters will depend on the question being asked by the user. If information about
rapidly varying features of the acoustic wave is desired, and SNR can be sacrificed,
then using more compact wavelets is ideal. If however, very precise frequency mea-
surements are desired, especially towards the end of the signal (when SNR worsens
with attenuation), then more dilated wavelets should be used.

Wavelet processing will allow the phonon probe to access in-depth information
about an object or environment with unprecedented axial resolution compared with
conventional optical and acoustic endoscopes. In particular, the information gained
from wavelets will be used to observe physical processes that induce changes in the
centre frequency of the signal or the amplitude of a single carrier frequency. Exam-
ples of these physical changes are: thermo-optic and thermo-acoustic changes in the
Brillouin frequency as a function of axial-distance away from the probe, or, a sudden
change in sound velocity and refractive index as one material transitions into another
material (such as the modelled scenario in Figure 4.13). The latter is of particular
interest, as the phonon probe is brought near to a photoelastic object (such as a bi-
ological cell or a polymer microstructure), the time-variations of the detected Brillouin
frequencies provide a mechanism for imaging the object in 3D as well as characterising
its elastic properties. An example of this potential is presented in Figure 4.18b-c; the
decay of the low frequency carrier wave is accompanied by the rise in amplitude of a
high frequency response from the polymer (seen in both the spectrogram and wavelet
coefficient trace); both of these transition responses offer an opportunity to perform
a distance measurement from the position of the fibre transducer tip to the object. In
Chapter 6 these concepts will be more thoroughly defined and developed in an imaging
context.

This section has introduced the basic signal processing methodologies for a time
resolved Brillouin scattering experiment. The photodetector captures both elastically
and inelastically scattered photons, the latter occurring through Brillouin scattering (not
considering Raman scattering). Since only 1 out of every 10° photons captured by
the detector are inelastic (and contain the desired TRBS signal), signal amplification
and signal averaging are important tools for observing TRBS. The raw signal from the
oscilloscope contains a number of artefacts which are treated in post-processing to
isolate the time-of-flight waveform of the phonon that was sampled through TRBS; this
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processed signal is called the modulation depth (AR/R or AT/T), which has been nor-
malised by the mean transmissivity or reflectivity throughout the exposure (elastically
scattered light level). Quantities related to material properties, such as the Brillouin fre-
quency and attenuation rate, can be extracted through Fourier transform and amplitude
decay fitting, respectively. A key method for tracking the amplitude of the TRBS signal
in the time-domain is by wavelet transforming the signal; this also allows the instan-
taneous Brillouin frequency along the time-of-flight to be analysed. These principles
will be utilised, and in some cases further developed, in the following chapters for the
purposes of spectroscopy and 3D profilometry.
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Figure 4.18: Continuous wavelet transforms and complex Morlet wavelets permit a
time signal with variations in frequency (a), such as the modelled transition in TRBS
signal from water to PS (in Figure 4.13), to be analysed in the time-frequency do-
main. (b) Spectrogram showing the spectrum of frequencies sampled from (a). The two
peaks in the Fourier domain (Figure 4.13c) are replicated in the spectrogram. Acous-
tic impedance mismatch between the first and second material will cause reflections
of the 5 GHz mode which co-propagate in signal-time with the high frequency mode
(seen as beats for z > 4 umin (a) and a faint 5 GHz band in (b)). (c) The relative signal
amplitude at each frequency can be tracked independently and will be used in Chapter
6 as a mechanism for 3D imaging of microscopic objects. The initial rise and fall of
the blue and orange curves at z ~ 0 occur when the wavelet has not fully entered the
time-window.
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Chapter 5

Spectroscopy: time resolved
Brillouin fibre-spectrometer

The field of Brillouin spectroscopy has begun to corroborate and reveal the importance
of mechanical phenomena in biology. State of the art Brillouin spectrometers have
been used to quantify changes in elasticity - in the human cornea [141], colorectal
tumours [142], zebrafish spinal cord [145], Acanthamoeba cysts [180], and atheroscle-
rotic plaque [143] - which govern the development and treatment of keratoconus, col-
orectal carcinoma, spinal cord repair, corneal infection, and Acute coronary syndrome,
respectively. Among these techniques, in vivo operation has only been accomplished
when the biological tissue of the specimen is sufficiently transparent to deliver and col-
lect enough light to detect the faint effect of Brillouin scattering [139, 145, 146, 151].
Extrapolation of Brillouin spectroscopy to more diverse in vivo and clinical environ-
ments is challenged by ~ 1 ¢m maximum penetration depth of NIR-light in biological
tissue (even shorter for A < NIR) [101].

Optical fibres are an ideal tool with which Brillouin spectrometers can be minia-
turised and made portable; this would allow the measurement system to be deployed
in standard medical equipments such as needles, endoscopes, catheters, and even
scalpels which can be manoeuvred beyond optically opaque tissue barriers. How-
ever, the optical fibre presents inherent challenges for translating spontaneous Brillouin
spectroscopy from microscope to endoscope. The strength of the Brillouin scattering
process in the glass of the fibre itself dominates the response of the spectrometer. To
solve this, multi-fiore and (recently) glass-less fibre configurations have been proposed
using a GRIN lenses (=~ 2 mm diameter) [152, 153]. Currently these systems contain
acquisition speeds on the order of ~ 40 s per spectrum and therefore are not readily
applicable to real-time processes. Alternatively, TRBS uses the principles of laser ultra-
sound to increase the acoustic amplitude in the Brillouin interaction leading to greater
scattering efficiency and a reduced scattering volume; the latter makes it possible to
design a simple fibre-spectrometer with one single-mode fibre which is not dominated
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by the glass response.

In this chapter proof of concept spectroscopy is demonstrated for a time-resolved
Brillouin fibre-spectrometer. The device centres on the opto-acoustic fibre transducer
designed and fabricated according to the principles outlined in Chapter 3. The exper-
imental pump-probe ASOPS system described in Chapter 4 will facilitate the TRBS
process which has been derived and modelled in Chapters 2 and 3 respectively. A
novel fibre-optic system is presented as an extension of the pump-probe optical sys-
tem described in Chapter 4. High resolution spectroscopic information from various
liquids and environments will be extracted from TRBS signals using the processing
techniques discussed in the previous chapter.

5.1 Optical fibre TRBS configuration

In Chapter 4.1.2 the basic pump-probe optical system (using ASOPS) was introduced;
this general experimental design is utilised for cell imaging by phonon microscopy [168,
173, 180] and other TRBS-microscopy techniques [175]. Now the adaptation of this
design for fibre optics will be discussed. After the pump and probe beams have been
coupled from free-space to optical fibre (Thorlabs FiberPort), Thorlabs 780HP single-
mode patch cables relay light into the remainder of the system. For the probe path, a
splitter will be required to accommodate the following three ports: probe input channel
(input port #1), probe output channel with detector (input port #2), and a common
channel (output port). A Thorlabs 2:2 coupler (780HP single-mode fibre) was used for
this purpose and carries the caveat that all through-transmission suffers a 3 dB loss.
In order to combine the pump and probe beams into a common channel termi-
nated by the fibre-transducer, a second splitter is required. Recall from Figure 4.9 that
with two splitters the path for the probe beam is as follows: (1) transmission through
splitter #1, (2) transmission through splitter #2 (now combined with pump) into fibre-
transducer channel, (3) Brillouin scatter with sample, (4) back-reflected light re-enters
the fibre, (5) transmission through splitter #2, and (6) transmission through splitter #1
where the detector is placed. To avoid a total 12 dB loss for the probe beam (4 consec-
utive 3 dB losses for a round trip through 2 splitters), a fibre-optic splitter containing a
dichroic edge is desired. An optical fibre-based wavelength division multiplexer (WDM)
from OZ Optics was identified which provided < 1 dB loss and a dichroic element with
a transmission/reflection cut-off band of =~ 720 — 740 nm. This solution requires that
the pump and probe beams be sufficiently separated in wavelength to optimise the
wavelength-dependent transmission and reflection through the WDM. Consequently,
pump and probe wavelengths of Apump = 730 nm and Aprope = 780 nm were selected,;
given the A = 700 — 900 nm tuning range of the lasers (Chapter 4.1.2), the NIR side
of the spectrum is preferred in order to combat acoustic attenuation (will be discussed
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shortly). With the WDM, the probe beam can now make use of both input channels of
the 2:2 coupler (probe in and probe out to detector), while efficiently coupling the pump
beam, and outputting both to a common fibre (with transducer on tip). Furthermore, the
WDM filters the pump wavelength from reaching the detector reducing its contribution
to shot-noise. A simplified diagram of the optical system is shown in Figure 5.1.

A slight modification to the transducer design (compared with Figure 3.15 was made
for the purpose of spectroscopy. A thin transparent layer of graphite was evaporated
(carbon rod evaporation facility in the sputter coater) onto the top surface of the trans-
ducer in an effort to make the tip more hydrophobic, such that residual liquid did not
linger on the tip when the transducer was placed in a dynamic environment, though this
was not confirmed experimentally. This final design for the fibre-transducer is shown in
Figure 5.2.

The first proof of concept for the fibre-spectrometer was achieved by simply dip-
ping the tip of the fibre-transducer into a beaker of water. Initially 200 measurements
(counts) were taken over the course of ~12 minutes, with 10,000 averages per count
(on the oscilloscope) at a rate of ~ 3.5 s per count, resulting in a total of two million
averages. Figure 5.3 shows the averaged modulation depth for this experiment, and
the corresponding frequency spectrum. The Fourier transform indicates that Brillouin
scattering was detected at phonon frequencies of 5.223+0.004 GHz and 22.0+0.1 GHz.
These values are consistent with the Brillouin frequencies (Equation 2.24) for water and
glass at the probe wavelength \,,ope = 780 nm and for normal probe incidence. The
detection of 22 GHz frequency phonons can be explained by TRBS that occurs for the

fibre-ports isolators
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coupler \\ O

WDM fibre
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Figure 5.1: Optical design for the first time resolved Brillouin spectrometer containing
a single optical fibre transceiver. Pump and probe wavelengths are coupled into a
common channel using a 2:2 coupler and WDM in series. The probe signal (from the
tip of the fibre) travels back through the system transmitting through the WDM and 2:2
(3 dB loss) before detection.
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Figure 5.2: The original design for the phonon probe (Figure 3.15) was updated with
a thin layer of graphite in an effort to make the fibre tip hydrophobic. Ultrasound is
generated thermoelastically as the transducer absorbs the pump beam. The refractive
index grating created through the photoelasticity of the sample medium causes Brillouin
scattering with the probe beam (note the DC reflection from the glass/gold interface
which serves as an interferometric reference beam in the TRBS detection scheme).

acoustic waves that travel from the transducer into the glass of the optical fibre core. In
the frequency spectrum, the ratio between the amplitudes of the two Brillouin peaks is
approximately 30; this can be explained by the relative difference in photoelasticity be-
tween the two materials, and the fact that the acoustic transmission coefficient between
gold and water is greater than that of gold and glass.

In the ASOPS acquisition system, the signals are recorded in the time domain,
with a total time window (per signal) of 12.5 ns. The measured Brillouin frequency can
provide a measurement of the sound velocity assuming the refractive index is known
(n = 1.33 for room temperature water): v = 1532 + 1 m/s, which can be used to
convert the time-domain of the signal to the spatial domain. Spatially, the acoustic
wave propagates in water with a wavelength of 286 nm (spatial period in the signal),
which is in agreement with the Bragg condition A coustic = Aprobe/2n.

The dark red line (in Figure 5.3a) represents the experimental material attenua-
tion rate of the acoustic wave, ay,0 = 0.369 + 0.002um~!, obtained using the fitting
algorithm discussed in Figure 4.12. Acoustic penetration depth, and therefore the pen-
etration depth of the TRBS signal, will strongly depend on this material attenuation rate,
which in water has been reported as o = 2 - 19.1 x 10~ 5sec?/m [201]; based on the
experimental fz the theoretical value for attenuation is approximately 0.5 um~! which is
within reasonable agreement with the experimental value. The light red shading behind
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Figure 5.3: Proof of concept spectroscopy for the optical fibre based Brillouin spec-
trometer system. Performance was initially tested by dipping the fibre-tip into wa-
ter. (a) The averaged modulation depth measured by the system. Red line indicates
the experimental signal attenuation due to the inherent material attenuation of water:
a0 = 0.369 &+ 0.002 um~!. Light red shading and the right y-axis shows the diver-
gence of the 780 nm wavelength probe beam, which has exited an optical fibre with

= 0.13. (b) FFT of the above modulation depth showing spectroscopic measure-
ments of 5.223 + 0.004 GHz (characteristic of water) and 22.0 + 0.1 GHz (glass). The
red star shows the frequency location of the maximum FFT amplitude. Distance in (a)
is measured using the Brillouin frequency, v = 1532 + 1 m/s, i.e. the sound velocity of
water.

the trace represents the slow divergence of the probe beam propagating away from
the tip of the fibre-transducer. The low NA of the fibore NA = 0.13 (=~ 46 um depth of
focus) mitigates the effects of apparent attenuation - which occurs when the acoustic
field propagates beyond the probe focal volume [200] - thus ensuring that only material
attenuation limits the penetration depth.

Pump and probe average powers of 11 mW and 3 mW, respectively, were used to
perform this experiment, corresponding to an average power density of ~ 0.7 GW/m™2
in the 5 um diameter core. Since the pump beam is not hindered by a 3 dB coupler, the
power can be used to directly scale the SNR of the signal of interest. For the case of
the water sample in Figure 5.3, an SNR of ~ 60 was calculated. A particularly helpful
by-product of designing an optical fibre-based pump-probe system, is the fact that both
pump and probe beams are always “perfectly” overlapped ensuring the maximum signal
level, thus avoiding overlap errors inherent to conventional free space systems.

It may appear as if it took 200 counts over 12 minutes to make a single spectro-
scopic measurement of water’s Brillouin frequency. However, the experiment can be
reinterpreted as having made 200 spectroscopic measurements at an acquisition rate
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of ~ 3.5 seconds per count (time it takes for 10,000 oscilloscope averages). Using this
approach, the frequency at which the maximum FFT amplitude occurs can be located
for the signal of each count (the red star in the bottom of Figure 5.3), and tracked as a
function of the total time of the experiment (12 minutes). Figure 5.4 shows the parsing
of the frequency spectra data in Figure 5.3 allowing a read-out of the Brillouin frequency
(blue line) versus experiment time.

In order to test the capabilities of the new Brillouin fibre-spectrometer, the device-
tip was dipped in and out of water every 10 seconds while data were being acquired
(see Figure 5.5). The oscilloscope was set to capture 1,000 oscilloscope averages
every count, at an acquisition speed of ~ 0.4 seconds over the course of roughly 80
seconds. Using the processing discussed above, the Brillouin frequency read-out os-
cillates between the frequency band at 5.24 £+ 0.02 GHz (water) and the dimmer band
at 22.1 + 0.2 GHz (glass, which exists in all measurements, but only dominates the
frequency spectrum when the tip is in air). The fibre-tip spent roughly 100 total mea-
surements in water; after averaging these measurements an SNR of ~ 12 was calcu-
lated which is approximately +/20 lower than the SNR obtained from the measurement
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Figure 5.4: N averages can be used to provide a measurement with low uncertainty;
however, the data can also be segmented into N spectroscopic measurements of the
environment surrounding the tip of the fibre-transducer. This figure shows 200 slices
of the Fourier spectra which contributed to the averaged spectrum seen in Figure 5.3 -
frequency is now on the y-axis, experiment time on the x-axis, and colour as amplitude
of each frequency spectrum. The semi-transparent blue line represents the location of
the red star in Figure 5.3, the measurement of the Brillouin frequency as a function of
time.
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Figure 5.5: Processed frequency spectra of TRBS signals acquired at a rate of 0.4
seconds per measurement while the fibre-tip was repeatedly dipped and withdrawn
from water. A lower number of averages was used in this result compared with pre-
vious experiments, which adversely affects the certainty of the measurement, but al-
lows near real-time data acquisition for resolving phenomena which occur in shorter
time-spans. When the tip is not immersed in water, the data processing interprets the
always-present 22 G Hz glass signal as being the detected Brillouin frequency.

in Figure 5.4. This highlights the trade-off between measurement precision and acqui-
sition speed, which is now nearly real-time. Furthermore, the tip transition from water
to air occurs in the frequency domain within the time of one count (0.4 s), which is a
promising result for potentially spectroscopically resolving fast dynamic processes in
the future.

This section has presented the first optical fibre system for the field of PLU. The in-
troduction of the WDM to the fibre-optic system enables greater power transfer between
input, sample, and detector than would otherwise be possible using 3 d B couplers. Fur-
ther optimisations to the system are possible (discussed in 5.3) which could improve
SNR for use when greater signal averaging is required or when acquisition speed is
a priority. Proof of concept spectroscopy was performed in water with both high SNR
and fast acquisition speed. The following section will focus on exploring different ap-
plications where the Brillouin fibre-spectrometer can be utilised to characterise various
parameters related to the state of the medium or environment.
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5.2 Spectroscopy applications

After demonstrating the feasibility of the optical fibore measurement system, it can now
be applied to the probing of elasticity within liquid environments. With TRBS technology
no longer limited to bulky microscope bodies, the measurement end of the phonon
probe can be relocated into a wide range of environments without needing to adjust
instrumentation. As it pertains to measurands, any process by which the refractive
index and sound velocity of a medium is altered will induce a variation in the TRBS
signal and Brillouin frequency measured by the device. Examples of processes which
cause such optical and elastic fluctuations are changes in material identity, chemical
changes, or fluctuations in the thermodynamic state of a system. This section will
explore the performance of the probe for identifying and monitoring these phenomena.

5.2.1 Material characterisation
Recall from Chapter 2 that the optical frequency shift due to Brillouin scattering is given

by Equation 2.24:
2nv

fg =
>\probe

If either n or v are known beforehand, the experimental Brillouin frequency then pro-
vides a measurement of the other parameter. For example, many cellular media exhibit
poor optical contrast due to homogeneity in refractive index; this permits the variation
in sound velocity throughout the cell to be approximated by the Brillouin frequency shift.
Similarly, if there exists a priori information about the state of the environment, e.g. that
a particular solution is homogeneous and at room temperature, the experimental Bril-
louin frequency could serve as a signature for identifying certain photoelastic materials,
provided that there is sufficient variation in the product n- v across materials (or states).

In order to test the sensitivity of the fibre-transducer in different media (other than
water), a Brillouin cocktail was prepared (Figure 5.6b) consisting of glycerol and wa-
ter (and air), which were poured and left to differentiate. The z-position of the fibre-
transducer-tip was controlled via micrometre; during TRBS data acquisition (10,000
oscilloscope averages repeated over ~ 24 minutes) the fibre tip was descended from air
to water, water to glycerol, and then ascended back through the layers. The tip dwelled
in each material layer for roughly five minutes in order to provide sufficient signal av-
eraging; towards the end of the first water layer, the tip was slowly moved towards the
glycerol layer in an attempt to resolve the change in Brillouin frequency. The time aver-
aged TRBS signals from the first three layers of the cocktail can be found in Figure 5.6d,
and the corresponding frequency spectra in Figure 5.6e. TRBS signals from all layers
were processed using the same set of parameters, except for the polynomial order used
to fit and subtract the thermal background response. For the first three layers the fol-
lowing Brillouin spectroscopic measurements were attained: 21.8040.04 G Hz (Brillouin
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frequency (GHz)

Figure 5.6:
when presented with a sequence of different materials. The fibre-tip was continuously
dipped from air to water to glycerol and back up. (a) TRBS signal frequency spectrum
as a function of experiment time; light blue line represents the read-out of the Brillouin
frequency, i.e. the position of the maximum FFT amplitude. (b) Picture of the fibre-
spectrometer immersed in the Brillouin cocktail where the green, red, and blue false
colours represent the air (glass), water, and glycerol layers respectively. (c) Successive
frequency spectra as the tip transitions from water to glycerol. (d) Time-averaged TRBS
signals from the first three layers of the cocktail and the respective frequency spectra;
Brillouin frequencies of 21.80 4+ 0.04 GHz (glass), 5.24 + 0.08 GHz (water), and 7.20 +
0.28 GHz were measured.
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frequency of glass when the tip is in air), 5.24 +0.08 GHz (water), and 7.20 +0.28 GHz.
The latter of these measurements correlates with the theoretical value for the Brillouin
frequency of glycerol, calculated (Equation 2.23) using refractive index and sound ve-
locity data from literature [206, 207].

Tracking the TRBS frequency spectra versus experiment time (Figure 5.6a), and the
frequency position of the maximum FFT amplitude (blue line), provides a read-out of
the transient Brillouin frequency measurement. From Figure 5.6c, the transition of the
frequency band centred on the Brillouin frequency is tracked as the probe tip is slowly
moved from water to glycerol; a drop in amplitude can be seen along with a gradual
shift to higher frequencies. A likely explanation for the gradual frequency shift, is that
there exists mixing of the water and glycerol at the boundary, with the concentration of
the faster glycerol increasing as the tip nears the bulk glycerol layer. Once in the more
viscous glycerol layer, the acoustic waves attenuate rapidly - at an experimental rate
of agyy = 1.79 £ 0.04 um~! - which can also be seen as spectral broadening in the
frequency domain.

In addition to glycerol, the transducer was tested in a 20 %wt solution of the com-
mon polymer polystyrene (PS) in toluene. As seen in Figure 5.7, the signal shares
similar features with the 7.2 GHz phonon measured in glycerol. Due to the viscosity
of the solution, the amplitude of the sound wave dampens more quickly as the liquid
resists deformation. A central Brillouin frequency of 4.67 + 0.27 GHz and attenuation
rate of aps = 1.75 £ 0.07 um~—! were measured after one million total averages (of the
TRBS signal); using values for the refractive index and sound velocity (as functions of
concentration in toluene), the experimental Brillouin frequency expected was approxi-
mately 5.25 GHz [208, 209]. The 0.58 G Hz deviation from the expected value could be
due to a number of parameters: the molecular weight of the PS, under-sampling the
wave due to attenuation, or perhaps an underestimation from values found in literature.
For example, if the refractive index of 10,000 Mw PS in toluene (20 %wt) was confirmed
to be 1.51, then the technique provides an experimental measurement of the sound ve-
locity of ~ 1206 m/s. However, in order for our measurement to provide quantitative
value, information from at least one environmental condition should be known a priori,
e.g. the refractive index, temperature, concentration, etc.

An interesting development path for the Brillouin fibre-transducer, is to determine
whether it might be applicable to bio-liquids in various biomedical procedures. Such
a device could have consequences in the performing of biopsies or surgical guiding
(e.g. epidural procedures). As an initial proof of concept, anti-coagulated sheep’s
whole blood was purchased and subjected to measurement using the fibre-transducer.
As the blood coagulated over time, the plasma started visibly differentiating from the
rest of the cellular and platelet components. The transducer was immersed into this
more transparent and aqueous plasma layer, and two million total averages of TRBS
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Figure 5.7: Spectroscopy performed from the tip of an optical fibre using time resolved
Brillouin scattering on 20 %wt PS in toluene. (a) The viscosity of the solution results
in a fast dampening of the TRBS signal (blue curve), at an attenuation rate of aps =
1.75 £ 0.07 um~! (orange line). (b) A Brillouin frequency of 4.67 4+ 0.27 GHz was
measured by the device.

signal was acquired over ~ 12 minutes. Figure 5.8 shows the corresponding average
modulation depth signal and Fourier transform, revealing an acoustic wave with centre-
frequency of 5.54-0.2 GHz and attenuation rate opjasma = 0.7+ 0.3 um~1. Approximate
values for the refractive index and sound velocity of blood plasma were taken from
literature and used to calculate a theoretical Brillouin frequency of 5.34 GHz [210, 211],
which is within the experimental range of confidence. The short expanse of the time-
vector in this signal was necessitated by the presence of a parasitic coincidence peak
that occurs at t ~ 1 ns in the signal. This occurs when there exists an unwanted DC
reflection within the fibre-optic path and can be mitigated through index-matching gel,
or changing the length of fibre used in this specific phonon probe device. Consequently,
there is increased experimental uncertainty and the true attenuation rate of the material
is under-sampled. The fibre-transducer remains at an early stage of development,
especially in the context of using it as a spectrometer in clinical applications; however
even the limited success of this experiment reveals promise and a need to continue
increasing SNR/acquisition speed and investigating compatibility with various liquids
and tissues in the human body.

As a final example of the device’s ability to detect Brillouin oscillations in various
media, the transducer tip was dipped into a vial of gelatin-water solution during pump-
probe exposure and data acquisition. Originally, the aim of the experiment was to
evaporate the water over seven hours and look for shifts in the Brillouin frequency -
e.g. from 5 to 7 GHz - as the gel matrix became stiffer and faster. Before the gelatin
could fully harden, the fibre-tip rose above the level of the solution. When analysing
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Figure 5.8: (a) Average modulation depth and frequency spectrum for the TRBS sig-
nals detected in blood plasma which had been differentiated from sheep’s whole blood.
The increased transparency and water content of the plasma, compared with anti-
coagulated whole blood, makes for better detection of TRBS. (b) A Brillouin frequency
of 5.5 + 0.2 GHz was experimentally attributed to the blood plasma; an attenuation rate
of atprasma = 0.7+ 0.3 um~1 (orange line in (a)) was measured, however, this time trace
was deliberately shortened in the time-domain due to the presence of an additional
coincidence peak at 1 ns.

the TRBS signals up until the tip left the gelatin solution, an oscillating pattern in the
detected Brillouin frequency emerged (shown in Figure 5.9a). This behaviour is dually
seen in the B-scan of the modulation depth in Figure 5.9b. The most likely explana-
tion for this 45 minute period variation in the experimental Brillouin frequency, is that
the thermal cycling of the hot plate is imparting detectable changes on the refractive
index and sound velocity of the aqueous solution (thermo-optic and thermo-acoustic
effects, respectively). In the following section, the potential for utilising the Brillouin
fibre-spectrometer as a thermometer will be explored further.

When the fibre-transducer enters a photoelastic medium with refractive index n,,
and sound velocity v,,, the detected Brillouin frequency acts a type of signature for
the identity of the material. This section has introduced the possibility of using the
fibre-spectrometer as a tool for measuring unique differences in different materials,
which could potentially be used for characterisation in the future. In this scenario, a
catalogue of material identities and environmental parameters would be pre-arranged,
and their respective refractive index and sound velocity data tabulated from literature.
Then, by comparing the experimental Brillouin frequency with the literature values, an
estimate can be made as to the identity of a Brillouin frequency. This method is not
without caveats: sufficient uniqueness is required for the range of potential Brillouin
frequencies, and certain environmental parameters must be well controlled. However,
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for applications where the environment is closely monitored, or where contrast from a
mean/expected value is of more importance, the device could be readily applied.

(a)

N 53f E
Qo

2525

e

o 5.2 R
>

(o

0515 E
A 1 L 1 L L Il

0 1 2 3 4 5 6 7
hours
(b)
%107

P g P

%
i
H
.
i

('n'v) spnujdwy

Figure 5.9: In an effort to use the Brillouin frequency versus time to resolve the change
in phase from liquid gelatin to solid gelatin, the transducer tip was left dipped in a water-
gelatin solution over a hot plate. The tip did not remain in the liquid gelatin long enough
to measure a 2 GHz shift in Brillouin frequency, however the pattern in (a) emerged.
This is also corroborated in the time domain (b): B-scan of the seven hour exposure
where x-axis is the signal time window, y-axis the count number/experiment clock, and
colour is the amplitude of the modulation depth. It is believed that these oscillations are
the result of thermal cycling of the hot plate which ultimately modulates the detected
Brillouin frequency.
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5.2.2 Thermometry

It is well known that temperature affects the optical and mechanical properties of ma-
terials. Thermo-optic and thermo-acoustic effects are even accessible in daily-life: a
mirage created by light refracting across thermal gradients, or sound travelling longer
distances on colder days as it scatters from warmer layers above. With refractive index
and sound velocity being two central parameters in Brillouin scattering, their thermal
variations should correspond with the phonon frequency detected by a Brillouin spec-
trometer.

In order to test the sensitivity of the fibre-transducer to these effects, water was
used as a case study. Thermo-optic and thermo-acoustic coefficients were extracted
from literature [212, 213], and used to formulate a theoretical dataset of refractive index
(n(T) at A = 780 nm) and sound velocity (v(T)) versus temperature (T) (presented
in Figure 5.10a-b). These literature-based models of the refractive index and sound
velocity can be combined into a theoretical expression of the Brillouin frequency as a
function of temperature (Equation 5.1)

_2-n(T) - v(T)

fa(T)
B( ) Aprobe

(5.1)
as revealed by Figure 5.10c. A theoretical measure of the sensitivity of the Brillouin
frequency to temperature, |Af;/AT| ~ 2MHz/°C, can also be calculated using a well-
behaved region in the plot in Figure 5.10c (pink segment).

An experiment was devised where the fibre-transducer was immersed in a beaker of
deionised water, which was placed on a hot plate. Furthermore, the beaker contained
a magnetically spun propeller in order to promote thermal equilibrium throughout the
sample. The leads of a K-type thermocouple (calibrated at the boiling point of water)
were also immersed into the beaker in order to provide an external temperature mea-
surement. TRBS data and thermocouple data (Pico Technology thermocouple data
logger) were simultaneously acquired over the course of approximately 2 hours, at an
averaging rate of 10,000 averages per count (678 total counts). The first 20 minutes
of the experiment was spent at room temperature (RT measured as ~ 19°C by the
thermocouple), after which the hot plate was increased to 50°C for 1 hour and 10 min-
utes, followed by a final increase to 100°C for the remaining 30 minutes. The TRBS data
were processed according to the standard procedure outlined in Section 4.2.1 and then
Fourier transformed from the time-domain to the frequency domain. The frequency po-
sition of the maximum FFT amplitude (fg) was recorded for each count and overlaid
(blue line) onto the colour-map of the time-varying frequency spectra (Figure 5.11). Ini-
tially it is evident that the measurement of the Brillouin frequency appears to fluctuate
on the scale of minutes-hours, and that these fluctuations seem to be synchronised
with the clock-readings at which the hot plate was manipulated. The temperature read-
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Figure 5.10: Organisation of literature-data to create a model-set of values for Brillouin
frequency as a function of water-temperature. (a) Literature values of the refractive
index (at A = 780 nm) as a function of water temperature. (b) Literature values of
the sound velocity of water as a function of temperature. These curves were used
to formulate a theoretical expression for the temperature-dependency of the Brillouin
frequency (c). A first-order polynomial was fit to a well-behaved region of the curve
(pink line segment) in order to provide an estimate of the theoretical sensitivity. An
approximate value of |Af;/AT| ~ 2.2MHz/°C will be compared with the sensitivity of
the fibre-transducer experimental measurements.
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Figure 5.11: Using the phonon probe as a thermometer in water. The colour-map rep-
resents the amplitude of the frequency spectrum as a function of experiment time and
water heating; blue curve reveals the frequency position of the maximum FFT ampli-
tude, the Brillouin frequency (fg, blue line). As the thermocouple measures variations
in temperature (Trc, teal line, with temperature as right y-axis), similar yet inverted
variations can been seen in fg. This inversion is a consequence of being in a nega-
tive sensitivity regime of the fg vs T curve (Figure 5.10c). fg can be converted to a
temperature measurement via Equation 5.2 and parameters from literature; this tem-
perature was found to be offset from T+¢ due to transducer heating. Once this bias was
accounted for, the Brillouin spectroscopic measurements of the temperature Ty, (cyan
line) corroborate the thermocouple data.

ings of the thermocouple (T7¢) are presented in the teal-coloured curve (temperature
scale inverted on the right y-axis), and visually correlate with the trends of the Brillouin
frequency.

Upon inspection, it becomes evident that as the thermocouple measures a continu-
ally increasing temperature, the curve of the Brillouin frequency appears to trend in the
opposite direction. Returning to Figure 5.10c, fg(T)’ displays negative slope when the
temperature is beyond roughly 60°C, which implicates that the experimental Brillouin
frequency (fg) is representative of this temperature range. Using ~ 60°C as a thresh-
old, the ith experimental Brillouin frequency can be matched with the closest theoretical
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value (from Figure 5.10c) by tracking the residual between the two:

Afp.

jall — ’fBi - fé (5-2)

all ’

The value within the range ‘all’ at which Afg, , is minimum, represents the closest
match between experimental and theoretical Brillouin frequencies (when only consid-
ering temperatures above 60°C). At this value of fg(T)’, the theoretical temperature can
be interpolated and extracted from Figure 5.10c. In this way the entire dataset of 5 can
be converted into a temperature measurement, Tg,,, albeit one that is offset from the
thermocouple measurements.

At the beginning of the experiment - when the water sample is known to be at room
temperature (19°C) as confirmed by the thermocouple measurement - the first exper-
imental Brillouin frequency measurement was found to be 5.23 GHz, which converts
to a temperature measurement of 80°C. The ATrr = 60°C offset between the room
temperature measurement of the thermocouple and that of the fibre-transducer, would
then represent the heating contribution by the transducer itself. When this offset is used
to calibrate the experimental Brillouin temperature values:

TfB = TfBo - ATRT (53)

the experimental measurement of the temperature (T¢,, cyan line in Figure 5.11) ap-
pears to closely agree with the thermocouple data (teal line). This offset permeates
all measurements of the fg in water presented in this report; e.g. the measurement
made in Figure 5.4 of fg = 5.235 4+ 0.004 G Hz, which differs from the theoretical value
of fg(RT) =5.11 GHz.

In order to validate the measurement of the temperature rise in the water, finite el-
ement method (FEM) was used to model the steady-state heating by the transducer
(model discussed in Appendix B). Pump and probe powers of approximately 7 and
1 mW, respectively, were measured at the output of the fibre-transducer. Using these
input powers, the transfer matrix (TMM) optical model (Section 2.2.1) was then used
to compute total average power absorbed by the transducer: ~ 2 mW which was des-
ignated as the steady-state heat source for the FEM COMSOL model. Figure 5.12
presents an axially symmetric map of the temperature rise in the space surrounding
the tip of the fibre-transducer (core and cladding modelled as glass). Experimental
Brillouin frequencies were determined using a signal length of ~ 5 um in the axial di-
rection, and given the 5 um core diameter, the average temperature rise within a 5 x
5 x 5 um volume of water surrounding the tip was calculated by the FEM model as
~ 55°C. In addition to corroborating the 60°C offset measured by the fibre-transducer,
this model informs that the reciprocal relationship between temperature and proximity
to the transducer is of key importance when bringing the transducer close to thermally
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Figure 5.12: Finite element software (COMSOL) was used to model the axially symmet-
ric temperature rise due to the transducer’s absorption of the pump and probe beams.
A steady-state heat source was utilised under the approximation that the total average
optical power absorbed by the 15 nm gold layer had a one to one correlation with the
source heating rate. A majority of the heating occurs within the vicinity of the core-
region of the transducer; the peak temperature rise in this area is dramatic, however,
this drops off aggressively as heat diffuses into the surroundings. An average tem-
perature of 55°C was measured for the 5 x 5 x 5 um volume area (outlined in pink)
surrounding the core, which is in agreement with the 60°C temperature rise estimated
using the Brillouin fibre-spectrometer.

sensitive specimens.

Quantitatively, the fibre-spectrometer is measuring the temperature change relative
to the static temperature rise induced by the excited transducer. Since this background
temperature is on the order of 60°C, and the calibrated fibre-spectrometer is measuring
changes in water temperatures on the order of 60 — 70°C, it is clear that the actual tem-
perature of the water may be approaching or numerically surpassing the 100°C boiling
point of water. This could be explained by the fact that the acoustic waves being gen-
erated by the transducer are effectively increasing the pressure of the sample volume,
which increases the boiling point of water approximately logarithmically. However, there
are additional complexities to consider, such as the dynamic state of the environment
(e.g. undergoing convection, diffusion, turbulence, etc), and the overall accuracy of the
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tabulated literature values for refractive index and sound velocity which break down as
the boiling point is approached (and do not account for changes in pressure).

The possibility for approaching the vaporisation of water could also result in bubble
formation within the measurement volume of the fibre-probe. As a result, the interfaces
between gas and water and the corresponding mismatches in refractive index (both
optically and acoustically) have the potential to scatter light and sound away from the
measurement volume, reducing the sensitivity of the technique. The hydrophobic sur-
face of the graphite-coated fibre-tip could also contribute to this, especially if the surface
is of considerable roughness (nucleation sites for bubbles) [214]. These effects can be
monitored in bench-top techniques by constructing an optical imaging system to mon-
itor the fibre-tip (e.g. see Section 6.1). In this work bubble formation was not regularly
observed, but the above effects can be mitigated by lowering the optical beam power of
the technique (reducing the temperature rise), eliminating the hydrophobic layer, or by
reducing the wetting contact angle through polishing (smoothing roughness) or tapering
the tip.

The sensitivity of the device to temperature was calculated by separately consid-
ering the Brillouin frequency data and the thermocouple data. Figure 5.13 shows
the experimental 7z and thermocouple temperature data both fitted with first order
polynomials in well-behaved linear regions of the curves (fitted region in red, and
the polynomial fit in green). The average of the slopes of the green curves was
taken for both the numerator and denominator, resulting in an overall sensitivity of
Afg/AT = 25+ 0.6 MHz/°C. In addition, this sensitivity value and the confidence
interval correlates with the sensitivity value from the literature-based model found in
Figure 5.10c.

The study shown thus far has revealed that temperature fluctuations can be de-
tected by monitoring the temperature induced Brillouin frequency shift over the course
of minutes and hours. However, as shown in Figure 5.12, there also exists a signif-
icant temperature gradient in the space surrounding the transducer tip. As this heat
diffuses and dissipates travelling axially and radially away from the transducer, this gra-
dient will manifest as instantaneous Brillouin frequency shifts within the time window
of a TRBS signal. Then, if time-frequency analysis is employed, such as continuous
wavelet transform, this frequency transience can be converted into axial measurements
of the temperature on the scale of microns. The protocol outlined in Section 4.2.2 was
utilised to wavelet transform the TRBS signal for water (Figure 5.3a). A complex Mor-
let was selected as the mother wavelet (see Figure 5.14a) and contained the following
parameters: (1) a bandwidth of approximately 8 acoustic wavelengths was chosen to
improve the accuracy of the frequency characterisation, (2) the frequency at which the
maximum FFT amplitude occurred (in Figure 5.3b) was assigned to be the centre fre-
quency of the mother wavelet, and (3) the centre frequency was varied over the range
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Figure 5.13: Plots used to calculate the sensitivity of the fibre-spectrometer to changes
(a) Blue curve of experimental Brillouin frequency measure-
ments. The three red segments were selected for their linearity, and a first-order poly-
nomial was fitted to extract a slope measurement. (b) The same procedure was ap-
plied to the temperature measurement of the thermocouple. Sensitivity calculated as
the mean of the green slopes in figure (a) divided by the mean of the green slopes in
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figure (b): Afg/AT =25+0.6 MHz/°C.
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Figure 5.14: Using a single TRBS time trace (from Figure 5.3a) to measure the axial
temperature variation after the initial heat rise of the transducer. A continuous wavelet
transform was used - with a complex Morlet mother wavelet (a) - to find the instanta-
neous variation in signal frequency across the time window. At a given slice in signal
time (or z through z = vt), the frequency at which the wavelet amplitude is max-
imised represents the instantaneous frequency measurement (b); the resulting trace
was smoothed by fitting a polynomial. The literature model in Figure 5.10c allowed the
instantaneous fg to be converted to T as a function of axial distance (c). (d) Simu-
lated temperature rise along the r = 0 cross-section. Compared with simulation, the
experiment shows a much faster rate of equilibration (zoomed inset); this is partially
explained by the experiment producing an average temperature measurement within
the measurement volume, and the simulation being only along a single cross-section.

4 — 7 GHz in order to characterise experimental frequency shifts. A high order polyno-
mial was then fit to the resulting trace of maximum amplitude Brillouin frequency versus
z (Figure 5.14b). As with previous temperature measurements, literature values (Figure
5.10c) were used to match experimental fg to the corresponding temperature measure-
ment (Figure 5.14c). Figure 5.14d shows the simulated equivalent of this trend, which
appears to corroborate the initial temperature rise at the gold:water interface, but dif-
fuses at a much different rate. This can possibly be explained by the fact that the
experimental /g measurement represents an average measurement within the 5 x 5 x
5 wm measurement volume, whereas the simulation only represents the temperature
rise along the r = 0 axis. Furthermore, the simulation represents a static environment,
i.e. each node of water (molecule) is stationary in space. In experiment this is not
the case due to the dynamic nature of the water reservoir which is undergoing convec-
tion, mechanical motion, and potentially even hydrodynamic cavitation. Therefore the
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experimental temperature measurement appears to show a system which equilibrates
quicker than simulation. However, further investigation is required to better understand
the ways in which temperature is encoded into the instantaneous Brillouin frequency of
the signal.

Similar to the case of using the fibre-spectrometer to perform material characteri-
sation, optical and acoustic data can be tabulated from literature and used to convert
TRBS data to quantitative measurements of local temperature. This capability is owed
to the thermo-optic and thermo-acoustic effects, whereby refractive index, sound ve-
locity, and ultimately Brillouin frequency are modulated by temperature. Initially the
temperature measurements made by the device were found to differ substantially from
the parallel measurement of a thermocouple, however, this provided an opportunity to
confront the reality of the transducer heating the sample medium. By comparing ex-
periment (fg) with literature (f5), the experiment provided an estimated reading of this
heating as 60°C, which was also corroborated by FEM modelling. Once this contribu-
tion was taken into account, the transducer enabled accurate measurements of water
temperature with a sensitivity of 2.5 + 0.6 MHz/°C. There still exist ambiguities re-
lated to the limitations of the experimental measurement; e.g. are literature values of
n(T) and v(T) valid to extrapolate if the water local to the tip is heated towards boil-
ing. This could be a possible explanation for the divergence of Tr, and Tr¢ when the
hot plate was increased at the 1.5 hour mark. In contrast, there could have existed a
sufficient thermal gradient between the edge of the beaker (where the thermocouple
was fixed) and the centre (where the fibre was fixed) such that the transducer and ther-
mocouple registered different measurements at high temperatures. There are various
potential options for mitigating the heating of the sample by the transducer, which will
be discussed further in Section 5.3. If the Brillouin fibre-spectrometer is to be used
as a temperature sensor, there will be a requirement for having a priori information
about the constituents and initial state of the environment, much like previous results
characterising the performance of the device. However, for the first time, the Brillouin
spectroscopy of temperature has been performed with a measurement apparatus that
is compact, flexible, remotely accessible, and portable.

5.2.3 Solute sensing

The refractive index and sound velocity of water can also be modulated by the presence
of varying concentrations of salt. Similar to the experiments with temperature, this
transitively modulates the Brillouin frequency and provides an opportunity to test the
sensitivity of the fibre-transducer to a new measurand: salinity. Optical and acoustic
properties, as functions of salt concentration (C) were drawn from literature [215, 216]
(Figure 5.15a-b) and used to construct a theoretical dataset for Brillouin frequency
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Figure 5.15: Organisation of literature-data to create a model-set of values for Brillouin
frequency as a function of water-salinity. (a) Relationship between refractive index
and salt concentration for water, taken from literature [215]. (b) Relationship between
sound velocity and salt concentration [216]. (c) Combining (a) and (b) gives a set
of theoretical/expected values for Brillouin frequency (fg(C)’) as salinity fluctuates in
water. This can be used to convert an experimental /g measurement into a read-out
of the current salt concentration. The slope, i.e. sensitivity of this analytical expression
measures as 39.5 MHz/%wt.

versus salinity (Equation 5.4), with theoretical sensitivity 39.5 MHz/%wt (Figure 5.15¢).

_ 2-n(C)-v(C)

fs(C)’
B( ) >\probe

(5.4)
A pot of highly concentrated salt-water was prepared using store-bought table salt
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(primarily NaCl). Concentrate was drawn from this solution and added to a vial of pure
deionised water every two minutes such that the overall concentration (C) of the water
solution grew in &~ 1 — 2 %wt increments. Similar to previous experiments, TRBS data
were acquired at a rate of 10,000 averages per count (= 3.5 s) for 10 minutes. The first
two minutes were spent at 0 %wt salt in order to provide a reference signal and Brillouin
frequency measurement. Figure 5.16 presents the frequency spectrum as a function of
experiment time, overlaid with the frequency position of the maximum FFT amplitude
(blue line). The red stars along the blue curve represent additional averaging (of exper-
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Figure 5.16: Experimental results which show the fibre-transducer’s potential for per-
forming spectroscopy on variations in water salinity. Colour-map represents the fre-
quency spectra of the TRBS signals with respect to experiment time (x-axis). Fre-
quency at which the maximum FFT amplitude occurs indicated by the blue curve. Red
stars are additional averages of the fg values; the original dataset (154 total mea-
surements) was segregated into 41 bins with each step in concentration possessing
approximately 8 bins. Outlying data-points were excluded from the bin-averaging, e.g.
the over-shoot at the six minute mark. Averaging in this way increases certainty but
also increases the time required to attain each measurement. The literature-model
shown in Figure 5.15¢ was used to correlate each fg with a concentration measure-
ment (Cg,, pink curve), where black stars represent bin-averaging. The experimental
mass and concentration of salt added to the original water solution was noted during
the experiment and used as a point of comparison (C.xp). From these measurements
a sensitivity of 41 + 3 MHz/%wt can be attributed to the device.
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imental fg) which took place in the post-processing. For N = 154 total measurements
and selecting Ny, =~ 41 total number of bins (=~ 8 bins per step in concentration), the
following expression yields the average Brillouin frequency measurement at the jt/ bin:

j+n/2

B=5( 2 ») 59
i=j—n/2
where n = N/N,;, =~ 4 is the number of counts in each bin and j is the bin number (j =
[1, Npin])- By increasing the number of counts per bin the certainty of the measurement
can be increased, but at the cost of temporal resolution.

At C = 0 %wt salt there existed a Afg,, , = 0.179 GHz offset between litera-
ture (fg(0%wt)’ = 5.048 GHz) and un-calibrated experiment (fg,(0%wt) = 5.227 +
0.004 GHz), which could be a consequence of the literature values used, in addition
to experimental transducer heating. This offset was used to calibrate the experimental
measurements

fg = fg, — Afpy,,. (5.6)

which were then compared with the model dataset (Figure 5.15c); the model-value
(fs(C)') at which the residual with experiment was minimised (see Equation 5.2) pro-
vided the concentration measurement (Cr, ) for a given fg, represented by the pink curve
in Figure 5.16. This salt concentration measured with the fibre-spectrometer can be val-
idated by the user-added concentration which was noted during experiment (Cexp), as
the two are in reasonable agreement. Binning and further averaging was also applied
to the device’s concentration read-out, shown as black stars Figure 5.16. Sensitivity
of the fibre-transducer to changes in concentration was calculated by considering the
bin-averaged fg and Cg, over time, and was found to be Afg/AC =41 £ 3 MHz/%wt.
This measure of the sensitivity is also in close agreement with the sensitivity provided
by the literature-model dataset shown in Figure 5.15c.

A second experiment was performed, but instead of linearly increasing the salinity,
each increment in total concentration was half of the preceding increment (e.g. 0 %wt,
1 %wt, 1.5 %wt, 1.75 %wt, etc). As the Brillouin frequency shift is measured with these
diminishing changes in concentrations, eventually there will arise a limit of the device’s
frequency resolution, i.e. when a change in the input does not produce a detectable
change in the output. Using the same data acquisition parameters as the previous
experiment, TRBS data were acquired over the course of 16 minutes, initiated by two
minutes at 0 %wt salt (presented in Figure 5.17). The same signal-processing protocol
(use of calibration, bin-averaging, and model comparison) as Figure 5.16 was used to
provide salt concentration measurements which are in agreement with the experimental
values (Cexp) and reveal a sensitivity of Afg/AC =43 £5 MHz/%wt.

Upon visual inspection Figure 5.17 appears to have a Brillouin frequency measure-
ment which is saturating as the concentration-added of salt decreases. In order to
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assign a quantitative measurement to these steps in frequency, a discussion of the fre-
quency resolution of both the physical experiment and the signal processing is required.
As discussed in Section 4.2, the intrinsic frequency resolution of the optical system is
determined by the repetition rate of the pump laser, 80 MHz. However, this resolution
limit is only achievable if the length of the TRBS signal encompasses the entire 12.5 ns
time window. In practice, the experimental set-up and signal processing typically dictate
that the final TRBS signal is less than 12.5 ns, further reducing the frequency resolu-
tion. For example, if the TRBS signal in water from Figure 5.3 was processed such
that the final trace length was ~ 3.5 ns, the corresponding frequency discretisation
would be ~ 286 MHz, as seen in orange in Figure 5.18. Since the bandwidth of the
~ 5 GHz acoustic wave (in reality) is wider than the 80 MHz fundamental frequency
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Figure 5.17: Same experiment as in Figure 5.16, but instead of linearly increasing
the concentration of salt, total concentration was stepped in increments of 2" where
n=0,1,2,... Measurements of the experimental Brillouin frequency (fg, blue line) can
be converted into read-outs of the salt concentration (Cg,, pink line) and compare
favourably with the user-measurements of the concentration (Ce.,). The precision of
these measurements can be controlled by averaging fs within a set of bins (red and
black stars). 5 bins per step in concentration was utilised for this experiment to allow a
more precise estimation of the frequency resolution to be achieved. This data yielded
performance metrics of Afg/AC = 43 £5 MHz/%wt (sensitivity) and frequency reso-
lutions of 40, 19, and 9 + 2 MHz.
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step - due to the attenuating nature of the acoustic waves - the original sampling rate
in the frequency domain aliases the actual signal of interest. In order to combat this,
zero-padding can be used to interpolate the spectra and increase the effective sampling
rate. The blue histogram in Figure 5.18 displays this concept using data from Figure
5.3 and a zero-pad of 216, which produces frequency bins spaced ~ 6 MHz apart.
The results presented in figures 5.16 and 5.17 have already been re-sampled with
a zero-padding of 229, in order to resolve small changes in the Brillouin frequency of
the TRBS signals. After re-sampling, the minimum detectable step change in the Bril-
louin frequency should be limited by the precision of the measurement(s). A step in
frequency can be considered resolved if the step is greater than half of the sum of the
uncertainties in neighbouring steps. Figure 5.19 is a reproduction of Figure 5.17 where
the frequency steps have been partitioned into average measurements of five bins each
(green stars). Subsequently, the mean of each set of five bins can be measured with
a lower uncertainty than that of the un-binned data. With the increase in precision, the
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Figure 5.18: Frequency spectra of the TRBS signal presented in 5.3. This particular
time trace only consumed a ~ 3.5 ns portion of the 12.5 ns (after signal processing);
in the frequency domain this expanse in time translates to a frequency resolution of
~ 286 MHz, roughly 4 times the fundamental limit of 80 MHz (if 12.5 ns time window
was used). If the bandwidth of the acoustic wave is greater than the spacing of the
original frequency bins - e.g. due to acoustic attenuation within a given material -
the signal can be anti-aliased by zero-padding the trace and therefore increasing the
sampling rate in the frequency domain. The blue histogram is the orange spectrum re-
sampled with 21° bins, and reveals sub-repetition rate variation in the frequency content
of the signal.
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first three frequency steps can be resolved as 40, 19, 9 + 2 MHz which correlate to
changes in salt concentration of 0.91, 0.49, and 0.23 %wt. Ultimately a sub-repetition
rate frequency resolution of 9 MHz is possible in this experiment due to the interpola-
tion provided by zero-padding, and the use of averaging to lower uncertainty; the latter
ultimately effects the overall experiment time required, e.g. 10 bins of 6 counts each
(600,000 averages) takes ~ 3.5 minutes to acquire. Consequently, if there is a desire
to measure the smallest shift in a sample’s state, an increasingly long acquisition pe-
riod will be required. This time-dependency can be lessened as further improvements
are made to the optical system and fibre-transducer design (discussed in Section 5.3),
thereby increasing SNR and native precision.

This section has shown that aside from material characterisation and temperature,
the Berillouin fibre-spectrometer can also be used as a sensor for the concentration of
a solute. These measurements still require that there is a priori information regarding
the initial state of the sample environment; e.g. that the solution is primarily composed
of water at room temperature. However, by tracking the direction and magnitude of
the Brillouin frequency shifts, there exists potential to characterise unknown environ-
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Figure 5.19: Closer look at the fg data from Figure 5.17. Each two minute step in
Brillouin frequency (due to increasing salt concentration) was partitioned into five bins
and averaged according to bin (green stars); the mean fg across these bins (pink circle)
will possess a lower uncertainty than if the mean of the entire step was considered.
Using this technique, only the first three steps in frequency can be measured with a
precision that is sufficient for resolution: 40, 19,9+ 2 MHz.
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ments once a sufficient library of measurements has been constructed. Finally, this
section has also discussed the way in which small frequency shifts can be measured,
and the limitations on this resolution imposed by the experimental system and signal
processing.

5.3 Discussion and conclusions

This chapter has presented the concept, design, and proof of concept results for a
novel time resolved Brillouin spectrometer which consists of a single-mode optical fibre
topped with an opto-acoustic thin-film transducer. The device’s viability in a range of
materials such as water, glycerol, PS, gelatin, and sheep’s blood plasma was demon-
strated. The fibre-transducer also proved capable of measuring Brillouin shifts in water
caused by temperature and salinity induced modulations of the optical and mechanical
properties. Sensitivities of 2.5 + 0.6 MHz/°C and 41 + 3 MHz/%wt were reported for
changes in temperature and salinity, respectively. Additionally, the underlying contri-
butions to the device’s frequency resolution have been discussed, and the minimum
experimental frequency resolution was reported as 9 +2 MHz.

An experimental design was targeted that utilised a fibre-based WDM which pro-
vides < 1 dB of loss for the pump wavelength. The WDM also provides < 1 dB of
insertion loss for the probe wavelength, however, this beam experiences 3 dB loss
upon input (before the WDM) and another 3 dB prior to detection (Figure 5.1). One key
improvement which could be made to the design of the optical system for the Brillouin
fibre-transducer, is updating the probe coupler from a 2:2 coupler, to a fibre optic circu-
lator. With respect to the input probe beam, this would allow greater optical powers to
be utilised at the sample without having to compensate for the 2:2 coupler. More cru-
cially, replacing the 3 d B loss before the detector with the < 1 dB of the circulator would
immediately provide a /2 improvement in SNR (given the same input powers as used
in this chapter). This gain in SNR could contribute towards increasing the acquisition
speed of the system while maintaining similar levels of signal averaging.

The SNR improvement enabled by the circulator could also be used to reduce the
heating supplied by the irradiation of the transducer: if the total average power ab-
sorbed can be decreased by a factor of two, the steady-state temperature rise would
reduce to 30°C according to the FEM model (Appendix B). Alternative means for re-
ducing the transducer heating could include: (1) utilising an alternative optical fibre
substrate with higher thermal conductivity, e.g. sapphire [168, 217], or (2) incorporating
a thermally insulating layer to the design of the transducer, e.g. carbon nano-diamonds.

With regard to the exposure of short light pulses on biological samples, it has been
reported that a peak power density of 102 W/cm? of femtosecond-radiation inhibits
Chinese hamster ovary cell division, and even higher intensity induces cell fragmen-
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tation and death [218]. Furthermore, there is evidence that light absorption-induced
damage in subcellular components can manifest as cellular-scale morphologies [149].
This damage mechanism has shown to correlate with total optical energy delivered to
the sample - a function of wavelength, average power, and exposure time - with a crit-
ical energy of 249 J being the damage threshold for A = 660 nm (threshold would be
larger at A = 780 nm). The current device and experimental parameters presented in
this chapter is beneath the pulsed damage threshold above, and would require roughly
3.5 hours of cell exposure to break the second threshold mentioned. Therefore, the
fibre-spectrometer shows great promise for being safely used on biological samples,
especially in the context of adapting the device for imaging where longer exposures
may be necessary.

Perhaps spectroscopy is at its most tangible when a series of spectroscopic mea-
surements can be organised into an image which provides unique information about
a specimen. This is the fundamental motivation and imaging mechanism for tech-
niques such as phonon microscopy, and Brillouin microscopic techniques in general.
The following chapter will introduce results that indicate that the fibre-transducer can
be transformed into a G Hz-frequency ultrasonic imaging probe.
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Chapter 6

Imaging: three-dimensional
phonon imaging probe

In optics and photoacoustics, the leap from bench-top to portable imaging systems
has been met by the optical fibre. Specifically for the case of optical endoscopy, this
transition has culminated in a collection of cellular resolution techniques called endomi-
croscopy, which is driven by miniaturised lens systems and fluorescent dyes [10, 18].
This same path towards sub-microscopic resolution optical fibre imaging tools has not
been duplicated so far in the greater field of acoustics. For the branch of photoacoustic
endoscopy [96, 113], this is partly due to the reliance on cell types with strong optical
absorption, such as red blood cells [91, 108]. However, one of the key challenges for
any acoustic imaging technique, is that high resolution requires short acoustic wave-
lengths, and therefore high acoustic frequencies. Since the attenuation of acoustic
waves depends on the square of the frequency [201], the working distance of high
frequency acoustic imaging systems is greatly restricted.

The field of spontaneous Brillouin spectroscopy avoids this challenge by neglecting
to generate sound altogether. The frequency of random thermal phonons - in the GHz
frequency range - within specimens can be detected remotely using the opto-acoustic
phenomenon of Brillouin scattering which can be accessed with optical resolution [127].
This has inspired early prototypes for spontaneous Brillouin endoscopes which must
contend with parasitic Brillouin and Rayleigh scattering in optical fibres, and thus far
have only been capable of 1D profiling on the ~ 100 um — mm scale [152, 153].

In this chapter the path towards using a single optical fibre ultrasonic tool to achieve
microscopic resolution imaging will be presented for the first time. As described thus
far, this imaging device utilises the principles of PLU and TRBS to generate and detect
sub-micrometre wavelength acoustic phonons. This scheme provides two key benefits:
(1) high amplitude strain pulses can be actively driven into the imaging target by a laser
ultrasonic transducer, allowing low-background Brillouin scattering with single-mode
optical fibre; (2) the interferometric nature of TRBS provides access to the acoustic
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time-of-flight for sub-optical wavelength axial resolution. To enable these benefits, the
chapter will initially revisit the experimental design in an imaging context. Next the
process by which a TRBS signal is converted into a spatial measurement will be in-
troduced, followed by extrapolation to 3D profilometry, with proof of concept imaging
attained for polymer microstructures. All of this will be possible while still retaining the
ability to perform parallelised Brillouin spectroscopy, initially presented in the previous
chapter. Finally, the performance metrics and future applications will be discussed in
the context of other profilometry techniques, such as atomic force microscopy (AFM),
optical profilometry, and stylus profilometry.

6.1 Experimental design

With the aim of using the phonon probe as an imaging tool, the Brillouin spectroscopy
set-up presented in Figure 5.1, Chapter 5.1, must be modified in order to allow scanning
in three dimensions. Ideally the scanning behaviour would be performed solely by
the phonon probe, as this is the basic operating principle for endoscopic procedures.
However, in order to achieve proof of concept for the proposed imaging technique, the
x/y scanning capabilities will be assigned to the sample instead. This is accomplished
by fixing a specimen-platform to a double-stack of precision linear translation stages
(P1 M-605) with minimum incremental motion of 300 nm and 1 wm accuracy, as seen in
Figure 6.1.

Scanning in the z-direction is realised by constructing a vertical column to which the
phonon probe can be fixed, and from which the fibre-transducer tip can descend down
towards the sample-plane. The column-assembly is comprised of an optical post, on
top of which sit two perpendicular micrometres which allow manual adjustment of the
fibre tip position in the x/y plane relative to the sample. An L-bracket is then used to
create a vertical plane (with respect to the sample plane); fixed to the vertical surface of
this L-bracket is an additional micrometre which allows manual adjustment of the fibre
tip in the z-direction. Attached to the z-micrometre are a series of rods which support
an SM1-threaded cage plate; this cage-plate is then coupled with a piezo nanopo-
sitioner (Pl P-721 PIFOC). The positioner is conventionally used for axially scanning
microscope objectives, and is capable of 5 nm positioning resolution over a range of
100 wm. Finally, an SM1-threaded fibre clamp (Thorlabs SM1F1-250) is coupled to the
z-piezo and houses the tip of the phonon probe which is now capable of motion with
nm resolution in the z-direction and ~ 100 nm in the x/y directions.

The mechanical motions of the x, y, and z stages are controlled by computer using
custom-written C-programming scripts. In particular, the z-stage is controlled by vary-
ing the output voltage (over 0 — 5V) from a microcontroller (Phidgets PhidgetAnalog 4-
Output 1002_0B) which is amplified by a factor of 20 (using PiezoDrive PDm200 Minia-
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Figure 6.1: lllustration of the phonon probe system configured for 3D imaging. The se-
quence of pump/probe lasers, isolators, fibre ports, couplers, and detector are identical
to the system presented in Section 5.1 used for Brillouin spectroscopy. This configura-
tion has been modified to control the x/y positioning of a sample (e.g. microstructures
on a glass coverslip slide) and the z-positioning of the phonon probe (using a z-piezo
stage). A supplementary imaging system has been assembled beneath the sample
plane to aid in finding regions of interest on the sample and for localising the fibre-tip
when it is descended to the sample for TRBS measurements.

ture High Voltage Amplifier) and supplied to the z-piezo device. The piezo nanoposi-
tioner is run in an open-loop configuration and is specified to convert input voltage to
output motion at a rate of 1 V/um (50 mV//um considering pre-amplification).

Following the construction of the precision motion control facilities, an ancillary
imaging system was assembled beneath the sample plane (see right side of Figure
6.1). The system consists of a red LED that is focused onto the back focal plane of an
Olympus Plan Achromat Objective lens (RMS20X with 0.4 NA). The sample-reflected
light is then imaged onto a CMOS webcam sensor. This provides the ability to quickly
locate features in the sample plane before descending the phonon probe to the surface
in @ manner similar to stylus profilometry and atomic force microscopy. The imaging
system aids in this process, as once the fibre-tip enters the focal plane of the objec-
tive, the system can be switched over from coarse movements (z-micrometre) to high
resolution movements (z-piezo stage). This is done to ensure the phonon probe is
not accidentally driven into the sample/substrate which would cause damage to the
transducer, sample, or even break the fibre.
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Aside from the additional elements described here, the remainder of the measure-
ment system is identical to the optical set-up described in Section 5.1, and the detection
chain described in Section 4.1.2. The pump and probe wavelengths utilised throughout
this chapter are Apump = 730 nm and Xpr0pe = 850 nm; these were selected since the
dichroic edge of the WDM lies between them, and a longer probe wavelength (com-
pared with Chapter 5) ensures that a relatively low frequency phonon is used as the
carrier signal. The latter is important since the penetration depth of the technique will
depend on the amount of attenuation experienced by the acoustic wave, a quantity
which is frequency dependent [85, 201].

The following section will outline how the above experimental set-up will enable the
phonon probe to act as a 3D imaging probe for microscopic objects.

6.2 In-depth measurement process

In order to perform imaging on microscopic objects, the objects must first be localised
within the sensing region of the instrument. The process for achieving this will be
defined and calibrated using the flat surface of a polystyrene petri dish. This calibration
process will lead to the assembly of a signal processing package built from the methods
outlined in Section 4.2, which will enable the device to make in-depth measurements of
3D objects.

6.2.1 Initial boundary localisation

If a photoelastic object that is immersed in water (the coupling medium) is brought
within the penetration depth of the phonon probe, the transition in Brillouin frequency
should be detectable by the device. Moreover, the position in time (and therefore ax-
ial distance) at which the frequency transition occurs can be localised through time-
frequency analysis (e.g. continuous wavelet transform). This ultimately has the poten-
tial to provide both a proximity measurement to the photoelastic object, and a mea-
surement of its elasticity by characterising its Brillouin frequency.

The most convenient test sample which would allow these concepts to be tested, is
a common laboratory petri dish (plastic), which is made out of the photoelastic polymer
polystyrene (PS). The petri dish was placed at the sample plane of the imaging system
in Figure 6.1 and filled with water to allow for ultrasonic coupling. In addition to being
photoelastic PS has the added benefit that it shares a similar acoustic impedance with
that of water (discussed in Section 6.3.1), which should result in efficient coupling of
acoustic waves between the water and the petri dish.

The phonon probe, placed in the vertical assembly above the sample, was manu-
ally descended into the water. Initial TRBS measurements were performed in the water,
well away from the influence of any boundary. This will serve as a reference signal both
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for the Brillouin frequency of the carrier medium (the water), and the signal amplitude
decay only as a function of acoustic attenuation and not a physical boundary. It is use-
ful to classify this type of measurement as NB, i.e. no boundary. Parameters for data
acquisition were set to 10k averages per measurement on the oscilloscope (3.5 s per
measurement), and was repeated for 100 counts, which allows up to 1M averages to be
obtained in post-processing. The red TRBS signal in Figure 6.2b displays this reference
signal, and was characterised to have a Brillouin frequency of g = 4.81 + 0.01 GHz as
seen in the FFT in Figure 6.2c. In Chapter 5.2.2 it was demonstrated that the expected
theoretical and experimental Brillouin frequencies in water differed by approximately
125 MHz due to the effect of temperature; this same offset is found between the mea-
surement in Figure 6.2b and the theoretical value of fg(Aprope = 850 nm) = 4.69 GHz.

Following this reference measurement (NB), the tip was descended towards the
petri dish surface using the z-micrometre until the tip appeared within the focal plane of
the imaging system. Then, the z-piezo stage was used to incrementally step the fibre
tip closer to the dish surface in 1 — 2 um steps (during live TRBS data acquisition) until
a visible change in TRBS signal on the oscilloscope was observed. If the position of the
z-micrometre is such that the petri dish surface cannot be reached within the 100 pm
range of the z-piezo, the z-piezo is then retracted to position zero, and the z-micrometre
is lowered by 100 pm, and the process is repeated.

Once this procedure produced a signal that clearly differed from the reference signal
another 1M averages was recorded as exemplified by the blue signal in Figure 6.2b;
this is now classified as the with boundary case, WB. Initially, the signal appears to
clearly match the initial 3 cycles of the reference signal, after which the altered TRBS
signal experiences a shift to a higher frequency. This is confirmed by analysing the fre-
quency content of the wave in the Fourier domain (blue spectrum in Figure 6.2c), where
the amplitude of the fg(H.0) peak has substantially fallen and broadened, and is ac-
companied by a neighbouring frequency peak of fg = 7.9 +£ 0.1 GHz that has emerged.
The refractive index and sound velocity of polystyrene were collected from literature
[219, 220] and used to calculate an approximation for the expected Brillouin frequency:
fs = 8.7 GHz. Even though the theoretical value is outside of the confidence interval of
the experimental measurement, the two values are within reasonable agreement and
variations are expected between material properties reported in literature and commer-
cial lab-ware.

The method for converting the original time-domain signal into the spatial-domain is
central to using the phonon probe to perform in-depth measurements. This is achieved
by first taking the FFT of the time-domain signal and recording the frequency position
of the maximum amplitude, e.g. fg(H20) = 4.81 GHz for the red-coloured signal in Fig-
ure 6.2c. Then, using the relationship between sound velocity and Brillouin frequency
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(Equation 2.24), an experimental measurement of the sound velocity is obtained:
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Figure 6.2: (a) lllustration of the phonon probe interrogating the surface of a polystyrene
petri dish. The z-position of the probe-tip can be controlled manually via micrometre
and with high resolution via nanopositioner stage. When the measurement volume is
unimpeded (NB - no boundary), the device registers measurements of the background
medium, in this case water, resulting in the red TRBS signal in (b). The blue signal in
(b) is the result of the transducer tip and petri dish stand-off distance being within the
penetration depth of the phonon probe (WB - with boundary). (c) FFT of the two cases
in (b): the NB red measurement consists of a fg = 4.81 + 0.01 GHz frequency peak
(water), and the WB blue measurement reveals a broad low amplitude peak around
5 GHz (first 2 — 3 low frequency cycles from the carrier medium) and a new high fre-
quency peak at fg = 7.9 +£ 0.1 GHz from the PS petri dish. (d) Wavelet analysis was
performed on the time-domain signals in (b); the frequency peaks in (c) were used to
assign centre frequencies to the complex Morlet mother wavelets shown in (e) (blue-low
frequency, light blue-high frequency). (d) For the NB signal, wavelet analysis reveals a
slowly varying amplitude decay at the carrier frequency (red), with virtually no contri-
bution from higher frequencies (light red). Conversely, the WB signal displays a sharp
attenuation of the low frequency carrier (blue) accompanied by a rise in amplitude at
higher frequencies (light blue). (e) Red circles provide an estimate for the number of
acoustic wavelength cycles in the wavelet width, e.g. N, = 8 which corresponds to a
total width wy, ~ 2.5 um.
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where the refractive index of the couplant medium (medium in which the measure-
ment is taking place) is assumed to be n = 1.33 and homogeneous. Now, using the
experimental sound velocity, the spatial vector can be assembled z = v¢t where t is
the time-vector of the original signal. This spatial vector can now be used to visualise
(Figure 6.2b) and measure (next section) the spatial propagation of the acoustic wave,
which propagates with acoustic wavelength A, = X\,.0be/2n. Below and in Section 6.4
the cases of multiple materials (multiple sound velocities) within a single signal (e.g.
blue in Figure 6.2b) and sound velocities (in a single material) which fluctuate over
signal-time will be discussed.

Now in order to evaluate the time-variation of the frequencies present in both the ref-
erence and boundary signals, wavelet transformations (Section 4.2.2) were performed
on the signals using complex Morlet mother wavelets and a wavelet width of N, = 8
acoustic wavelengths (wy ~ 2.5 um total width); this value is estimated by counting the
number of cycles in the wavelet with approximately non-zero amplitude (red circles in
Figure 6.2e). The frequency peaks that were characterised for the carrier wave and
PS oscillations (red and blue spectra in Figure 6.2c) were used to set the centre fre-
quency of two separate wavelets found in Figure 6.2e. The wavelet coefficients (C,,)
resulting from transformation between the wavelets and the two signals can be found in
Figure 6.2d. Upon inspection, the amplitude roll-offs of the low frequency carrier wave
(5 GHz) appear to occur at different rates between the reference and boundary signals.
Following the peak amplitude of the C,, response (when the wavelet has completely
entered the time window) the reference signal experiences a much slower amplitude
decay when compared with the sharp response of the boundary signal. For the case of
the higher frequency wavelet, the boundary signal contains a sharp rise in amplitude at
approximately z = 1 um, whereas the same rise cannot be found in the carrier signal.

This initial observation of a change in TRBS signal when the phonon probe appears
to be close to a boundary can be taken a step further by using the piezo-stage to
incrementally step the fibre-tip away from the surface of the petri dish. If the altered
TRBS signal is indeed a response from the dish boundary, the change in Brillouin
frequency should occur progressively later in the time window. This experiment was
performed by: (1) acquiring 1M averages at the current tip position, (2) step the z-
piezo away from the surface by 50 mV (which should correspond with 1 wm), (3) repeat
steps 1-2. The TRBS signals produced by this experiment are found in Figure 6.3a,
accompanied by the wavelet coefficient traces in Figure 6.3b. From these results the
transition in frequency from the 5 GHz carrier signal to the 8 GHz object signal clearly
occurs later in signal time (axial distance) as the fibre tip is stepped away from the
surface (green bars, approximate position). The same phenomenon is observed for
the low frequency amplitude of the wavelet coefficient traces (blue curves in Figure
6.3b), which have been normalised to each one’s maximum amplitude. It is worth
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noting that the amplitude of the Brillouin oscillations in the PS are noticeable in both
the time-domain and wavelet transformations, however, beyond the fourth piezo-step
the oscillations become indistinguishable from noise. A likely explanation is that the
combined effects of acoustic attenuation and acoustic impedance mismatches lead to a
weakening of the high frequency phonon field within this secondary material (discussed
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Figure 6.3: The stand-off distance between the phonon probe tip and the surface of the
petri dish is used to investigate the in-depth measurement capabilities of the device.
1) The tip was initially positioned closely to the surface, (2) a TRBS signal with 1M
averages was captured, (3) the tip was stepped away from the surface using the piezo-
stage, (4) process repeated. The resulting modulation depth signals in (a) initially reveal
a transition from low to high frequency which occurs progressively later in the trace as
the tip moves away from the surface. This is confirmed in the plotting of the wavelet
coefficients (b) for ~ 5 GHz (blue) and =~ 8 GHz (red) centre frequencies. (a) Green
bars indicating the approximate position of the petri dish relative to the position of the tip
distance= 0) were initially estimated by eye. Dashed lines represent amplitude A = 0,
and dotted lines represented A = 1.
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in Section 6.3.1).

The results in Figure 6.3 imply that the phonon probe is indeed capable of respond-
ing to changes in the 1D geometry of an environment. Before this capability can be
extrapolated to 2D or 3D (by scanning) for profilometry and imaging, it is necessary to
define a method for extracting a quantitative in-depth measurement of the stand-off dis-
tance between the fibre-tip and the object. This will be the aim of the following section,
which will make use of the experimental results attained from the petri dish proximity
experiment.

6.2.2 Proximity measurement

The reference signal (when there is no boundary near the tip), and the measurement
at piezo step number 2 (third from bottom in Figure 6.3) will be used as case studies
for defining the distance measurement process, and are found again in figures 6.4a-b.
Recall that the case without boundary will be referred to as NB, and the case where
the boundary exists will be referred to as WB. The Brillouin frequency measurements
attained from the respective TRBS signals (e.g. Figure 6.2b-c) were used to assign
mother wavelet centre frequencies, and the resulting wavelet coefficients (normalised
to C,,(H20) = 1) for each case are displayed in figures 6.4c-d.

First considering case NB (Figure 6.4c), the wavelet response for the low frequency
reveals an initial rise between z = 0 — 1 um; this is the “blind” zone of the trace,
where the mother wavelet has not fully entered the signal window and is therefore
under-sampling (and under-estimating) the signal amplitude. Once the wavelet has
entered the trace, and the maximum wavelet amplitude components have sampled the
maximum signal amplitude, a maximum wavelet coefficient is attained (normalising to
C, = 1 here). This is then followed by a slow decay at the carrier frequency, which in
the case of TRBS and the low NA fibre transducer, is the acoustic attenuation of the
~ 5 GHz phonon. This same sequence of events also occurs for the carrier frequency
in the WB case (Figure 6.4d), until, at the onset of the petri dish boundary, a more
severe decay in amplitude takes place.

In order to unambiguously delineate the natural attenuation from the boundary re-
sponse, all influences of the material attenuation should be removed from the trace.
This is accomplished by fitting a decaying exponential to the NB wavelet response ac-
cording to the methodology outlined in 4.2.1. For this example, the exponential function
which most closely matched the decay of the signal contained an attenuation coeffi-
cient of & = 0.30 4 0.06 wm~! and is plotted in green in Figure 6.4c (beginning at the
position of maximum wavelet amplitude after the blind zone). This attenuation function
is then used to normalise the WB case resulting in the (attenuation) corrected wavelet
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response (C,,"), shown in blue in Figure 6.4f

Cu"(2) = (6.2)

Recall that the z vector for each signal (NB or WB) has been calculated using the exper-
imental measurement of the signal’s Brillouin frequency and therefore sound velocity
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Figure 6.4: Process chain for converting a time-domain signal into a proximity measure-
ment. (a) Acquire a reference signal (NB) where there is only water and no boundary.
(b) Acquire a signal which appears to contain an additional source of signal decay
(WB). (not-pictured) FFT the time-domain signals in order to characterise the compo-
nent Brillouin frequencies (e.g Figure 6.2c), set the discretisation of the spatial vector,
and define the mother wavelet centre frequencies (fpjue ~ 4.8 GHz and f,eq ~ 7.9 GHz.
(c) Wavelet transform NB and fit a decaying exponential (following the initial blind zone)
to characterise the signal decay produced by material attenuation (green line). (d)
Wavelet transform of the WB signal; low frequency amplitude contains an additional
decay event and the high frequency amplitude rises (attenuation thereafter can also
be fitted in green line). (f) Normalise the wavelet response from the WB signal by the
green line in (c) in order to remove the effects of material attenuation. For low frequency
(blue): when wavelet is in water C,,” ~ 1 and when it transitions to PS C,,” ~ 0. The
position of C,,” = 0.5 corresponds with a measurement of the boundary proximity to the
fibre-tip. Light blue and red represent the simulated analogues for all plots. (e) Time-
frequency spectrum of the experimental TRBS signal in (b) where f,e ~ 4.8 GHz and
fred = 7.9 GHz.
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(Equation 6.1).

As a result of this correction process, when the wavelet is in a medium whose Bril-
louin frequency matches its centre frequency (with decay «), the resulting wavelet re-
sponse is flat with amplitude A = 1 (the couplant medium is now lossless). Conversely,
when the wavelet has left this medium, an amplitude A = 0 occurs, therefore remov-
ing the ambiguity between material attenuation and boundary transition. In practice
this will depend on the acoustic impedance mismatch, as strong acoustic reflections at
a water:object boundary will result in a wave which counter-propagates in reality, but
co-propagates beyond the boundary in the time-base of the signal.

At this point, it logically follows that the width of the boundary transition in the cor-
rected wavelet response should correspond with the width of the wavelet being used.
In other words, as the f. ~ 5 GHz wavelet leaves water and enters PS, the transition
from A = 1 — 0 will occur within the distance spanned by the wavelet. The approxi-
mate length of the boundary transition region in Figure 6.4f is wy ~ 1.8 um, which is
shorter than the original estimate of wy ~ 2.5 um (N = 8) in Figure 6.2e. The width
wy =~ 1.8 um does however correspond with N = 6 cycles of the acoustic wavelength,
which will now be used as the width of the wavelet. The discrepancy in N, is likely
due to the outermost cycles of the wavelet (which were originally counted) not having
sufficient energy to influence the response of the transformation. In any case, the po-
sition at which amplitude A = 0.5 occurs corresponds with the wavelet straddling the
boundary between water and PS, and as such, provides a measurement of the bound-
ary proximity to the fibre tip at z = 0. The experimental proximity measurement for this
example was determined to be z, = 2.30 + 0.07um.

In principle, the same measurement process can be applied to the high frequency
PS wavelet response. It is less crucial to correct for the material attenuation rate of
PS in this scenario, as the transition will occur before PS-attenuation has taken place.
In any case an estimate of the attenuation rate can still be attained by fitting a decay-
ing exponential to the falling edge of the PS-response after the transition has occurred
(green in Figure 6.4d) and exhibits a decay rate of roughly a = 0.83 + 0.07 um~*. The
position at which the half maximum of the PS-amplitude rise occurs was measured to
be z. = 2.04 + 0.08um. The offset between this distance measurement and that of the
low frequency wavelet can be explained by the drop in signal amplitude, and therefore
lower SNR of the PS oscillation. The average frequency peak position measured for
the carrier frequency was identified as fg(H».0) = 4.80 4+ 0.08 GHz, whereas the high
frequency peak was characterised as fg(PS) = 7.9 + 0.3 GHz and shows greater vari-
ance due to the lower SNR at this frequency. This is an effect that will also worsen
with distance due to the natural attenuation of the wave (before the boundary transi-
tion occurs), therefore, in the interest of locating the boundary transition with highest
possible SNR, the transition position of solely the carrier frequency will be used going
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forward (blue dot in Figure 6.4f). This choice will also simplify the conversion from the
time-domain to the spatial-domain, since the sound velocity of only a single material
needs to be considered.

The boundary phenomena discussed thus far, and the resulting proximity measure-
ment, can be corroborated using the analytical PLU-model (Section 2.2.2). Using the
same pump and probe wavelengths, the NB case was first simulated resulting in the
TRBS signal in Figure 6.4a (light blue). The proximity measurement attained using the
low frequency wavelet roll-off (blue star z. = 2.30 + 0.07 wm in Figure 6.4f) was used
as the input thickness for the water layer (sandwiched between the transducer and PS
layer) configured in the geometry seen in Figure 4.13a. The resulting simulated TRBS
signal is showed in light blue in Figure 6.4b and appears to closely agree with the ex-
perimental trends seen in the time-domain. Attenuation-corrected wavelet coefficients
for the low and high frequency wavelets were calculated using the same technique as
above, and plotted in Figure 6.4f (light blue and red). The resulting agreement between
the proximity measurement provided by experiment (z.) and simulation (z,) (without
noise) (light blue star in Figure 6.4f) is on the order of 20 nm indicating that wavelet
analysis produces an accurate measurement of where the theoretical boundary exists.

Earlier, an amplitude threshold of C,,” = 0.5 was established given the condition that
the corrected wavelet response should transition from C,,” = 1 — 0 at the boundary
(see Figure 6.5a). In experiment, the minimum amplitude (m¢) is unlikely to drop all
the way to zero due to slight mismatches between the fitted attenuation rate and the
experimental decay rate, especially as SNR worsens later in the signal. Therefore two
user-defined thresholds should be established for a proximity measurement to occur:

1. Tmin - threshold for the maximum value permitted for the absolute minimum ampli-
tude of the wavelet response. For example, in the ideal case of a perfect sinusoid
without attenuation, this threshold should be 1,,;, = 0. However, given noise and
attenuation in a signal, a reasonable value for this threshold might be 1,,,;, = 0.4.
If the minimum C,," (mc) is beneath this threshold, then a measurement will be
logged as in Figure 6.5b, otherwise a measurement will not be made (i.e. tem-
porarily pin measurement to the end of the time-window z,4) as in Figure 6.5c.

2. Thar - if the condition m¢ < Tmin is met then the proximity measurement will be
taken at the amplitude that is half-way between the m¢ value and 1. For the ideal
scenario with no attenuation m¢ = 0 and 74, = 0.5, otherwise 745 > 0.5.

Using these criteria, the proximity measurement protocol (Figure 6.4) was repeated
for each TRBS signal acquired from the petri dish experiment (Figure 6.3a). Recall that
each TRBS signal at a piezo-step contained 100 counts of 10k oscilloscope averages;
the attenuation correction procedure was performed on each of the 100 counts, and
the Brillouin frequency for each signal was used to set the spatial mesh. In Figure
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Figure 6.5: Criteria for whether a transition can be registered as a distance measure-
ment. (a) Ideal situation: material with no attenuation transitions into another material.
The corrected wavelet response (C,,") should transition from C,” = 1 — 0 and the
distance measurement takes place at the location where C,,” = 0.5 occurs (red circle).
(b) In reality the minimum C," value (m¢, green circle) will be greater than 0; apply
an amplitude threshold 7, if mc¢ < Tmi, then a measurement is valid, otherwise it is
invalid (c). If a measurement is valid, then determine the amplitude value that is half-
way between 1 and m¢ and assign as distance measurement ((b) red circle), otherwise
non-measurements are anchored to end of time-base ((c) red circle).

6.6b, the mean attenuation corrected wavelet response (C,,"”) is plotted in blue and the
standard deviation across measurements (at each piezo step) plotted in the dashed
blue lines. Using the threshold criteria defined above, proximity measurements were
extracted from the wavelet responses, and are marked by the red coloured asterisks
(placed at end of signal if no measurement occurred). The output experimental proxim-
ity measurements from this process were input as the thickness of the water layer for
the PLU-model, and the measurement process repeated. Figure 6.7a-b shows the re-
sult of this exercise; it is worth noting that experimental measurements from piezo-step
numbers 8 and 9, were input to the model as z = z.,4.

The proximity measurements from experiment and simulation can now be collated
and compared as a function of piezo-step and experimental averaging (see Figure 6.8).
The red line and error bars represent the average proximity measurements and stan-
dard deviations across the N = 100 data-points, i.e. 100 separate measurements
of 10k averages each. Conversely, the blue line and error bars are representative of
averaging the TRBS signals into N = 2 bins, i.e. 2 separate measurements of 500k av-
erages each. The latter results in much higher precision measurements at the cost of
approximately 50 times longer acquisition time. Additionally, the uncertainty increases
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Figure 6.6: (a) Replotting of TRBS signals acquired as the phonon probe is incremen-
tally stepped away from the surface of a petri dish filled with water (moving up the
y-axis). (b) The low frequency (carrier signal in water) wavelet responses in Figure
6.3b have now been corrected (C,,") to remove the decaying influence of material at-
tenuation according to the methodology discussed around Figure 6.4. In theory, what’s
left is a trace that transitions from amplitude 1 to 0 at the boundary. Red marks indicate
the proximity measurement and are determined by finding the amplitude that is half-
way between the absolute minimum of the response and C,,” = 1. Dotted lines outline
the standard deviation of each C,," trace. Red marks anchored at the end of the trace
represent non-measurements where the amplitude thresholds presented in Figure 6.5
have not been fulfilled.
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Figure 6.7: The distance measurements determined in Figure 6.6b were used as in-
put thicknesses for the water layer between the transducer tip and the PS-object within
the opto-acoustic model. (a) Resulting TRBS signals attained from the model (atten-
uation has been added artificially by including the factor e~** with a frequency de-
pendent value of a from literature [201]). (b) Wavelet transform coefficients of the non-
attenuating simulated signals in (a). The same measurement protocol was employed to
produce the positions of the red marks and hence the proximity measurements. Since
piezo-steps 8 and 9 produced no measurement in experiment, this was hard-coded for
the simulation.
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Figure 6.8: Final set of proximity measurements made as the phonon probe incremen-
tally steps away from the surface of a petri dish. Red measurements are the average
of N = 100 counts (per step), and the standard deviation over the N measurements.
Blue measurements are the average of N = 2 counts where each of the two counts
are themselves the average of N = 50 TRBS signals. The decrease in precision as a
function of distance (between the fibre tip and the petri dish) is due to SNR falling with
acoustic attenuation. The effect of averaging (blue) demonstrates an ability to maintain
precision with distance. Green line is the simulated measurement using the red mea-
surements as input water layer thickness to the PLU-model. Measurements which do
not meet the threshold criteria presented in Figure 6.5, have been registered as non-
measurements (dotted lines and x’s) and define the SNR floor of the technique (at 10k
averages). The SNR or the measurement of the physical floor can be used to invert
proximity measurements into measurements of height (right y-axis).

as the measurement occurs later in the time signal, especially for the case of lower
averaging (red). This is due to the SNR falling with increasing distance in the signal due
to acoustic attenuation. Beyond the eighth piezo step the measurements can no longer
be resolved from the noise floor (at 10k averages), and the non-measurements have
been anchored to the end of the time-window. This establishes the effective dynamic
range of the technique, which for this set of experimental parameters, is approximately
zpr ~ 5.5 um (from blind zone to SNR floor). Increasing beam powers, additional
signal averaging, a more efficient transducer, or a longer probe wavelength, will extend
the dynamic range of the device; the latter two will be discussed in Section 7.
Simulated measurements are displayed along the green line in Figure 6.8 and ap-
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pear to agree closely with the experimental measurements. The lone point of noticeable
disagreement occurs at the first measurement (step 0). This highlights a minor limita-
tion of the current technique: boundaries which are positioned within the blind zone
of the wavelet transformation cannot be fully resolved since the measurement window
is cropped to start at this position; therefore the measurement has been anchored to
the beginning of cropped time window. In practice this is less of an issue since the
distance of closest approach can be controlled by the user (discussed in following sec-
tion), and a stand-off distance greater than 1 um is preferred to minimise the thermal
load experienced by the imaging target due to transducer heating (see Section 5.2.2).

The slope of the experimental measurements in Figure 6.8 was calculated as dz =
0.8 uwm, indicating that this is the average distance the piezo moved the fibre tip away
from the petri surface. As discussed at the beginning of this experiment, the piezo-
stage was set to take 50 mV (pre-amplified) steps which corresponds with an expected
step of dz ~ 1 um. This offset could be due to the lack of calibration for the nanopo-
sitioner product, or due the output voltage error of the microcontroller and/or amplifier
(discussed in Section 6.4.1). This systematic error from the z-piezo stage could affect
the measurements of the phonon probe if the z-position is used as a free parameter
in 3D scanning (but the error can be calibrated); if the z-offset between the tip and the
imaging target is fixed, as will be the case in the following section, this error can be
neglected.

Now that the protocol for performing a proximity measurement between the trans-
ducer tip and the target object has been established, the measurement process can
be repeated across the x/y plane using mechanical stages. This ability for the phonon
probe to generate proximity maps, can then be inverted to access the topographical
information of the local environment. In Figure 6.8, this is exemplified by treating the
SNR floor as height h = 0 and all measurements that are more proximal (to the fibre tip)
can then be treated as a height measurement (h > 0) relative to the floor. The cases in
which this translates to measuring the absolute height of an object will be discussed in
the following section, in addition to proof of concept imaging results.

6.3 Polymer phantom imaging

In order to achieve proof of concept for using the phonon probe as a 3D imaging
tool, polymer microstructures were selected as the imaging targets. Polystyrene micro-
spheres were chosen for this project for their: (1) simple fabrication protocol, (2) relative
inertness (e.g. no harsh chemicals required), (3) ability to self-assemble to some de-
gree (and form compound structures), and (4) relatively similar optical and mechanical
properties compared with biological cells, with cells being a key future imaging target
for this device. This section will briefly introduce the fabrication protocol of such phan-
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toms, and will introduce the first 3D images of microscopic objects using an optical fibre
ultrasound probe.

Fabrication

The polystyrene microstructures were fabricated by drop-coating and melting 10 um
diameter PS microspheres (Bangs Laboratories, Inc.) onto a special substrate. The
relevant information and protocols for the fabrication process is detailed in Appendix
D. The end result is a gridded landscape populated with compound PS microstructures
found in Figure 6.9 (imaged using a reflection microscope). For this study, the phantoms
located in the green, red, and blue boxes (in Figure 6.9) will be investigated. Figure 6.10
shows higher magnification views of these regions of interest (same colour coding).
The phantoms contain the following approximate dimensions: green - 75 um x 75 um,
red - 40 um x 40 um (each), and blue - 20 um x 20 um. Each of the objects appear

LA RS U LS e g

Figure 6.9: The photolithography process has created a pattern of gold (bright outline)
and glass (dark background) in the shape of a square grid. This array is lined with
letters and numbers to aid with locating objects within the cells of the grid. Small
gold dots fill the grid which provide basic distancing and locating capabilities. The
polymer phantoms were created by drop-coating PS microspheres and melting them
into continuous structures. The blue, red, and green boxes designate regions that
contain interesting imaging targets, due to their sizes, shapes, and possible heights.
Images acquired using a reflection microscope with 5x magnification.
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Figure 6.10: High magnification (50x) views of the proposed imaging targets in Figure
6.9 (same colour coding). It is estimated that the these structures contain the following
dimensions: green - 75 um x 75 um, red - 40 um x 40 um (each), and blue - 20 um x
20 um. Each phantom appears to have retained inner sphere-like structures which are
likely the remnants of unmelted microspheres whose top layers have melded into a
continuous surface.

to retain an inner microsphere core that is less visible with low magnification. The core
features are likely subsurface since they appear most in focus when the substrate is
in focus (e.g. using the gold dots as reference), and defocus when the tops of the
phantoms are in focus. It is likely that this is a result of not melting the microspheres
completely through, leaving an unmelted structure of seeds below. This likely allows
the structures to retain some of the height from the original h = 10 um diameter, but
are now h < 10 um as a result of partial melting. In any case, the cores clearly exhibit
different optical properties compared with the rest of the structure.

With the substrate and polymer phantoms now prepared, the following section will
present the basic experimental protocol and proof of concept 3D imaging results.

6.3.1 Imaging experiments

After fabricating the gridded substrate and polymer microstructures, the proximity mea-
surement protocol outlined in Section 6.2 can now be carried out across the 2D plane
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parallel to the substrate (Figure 6.11). First, the specimen substrate is placed at the
sample plane of the phonon probe imaging system (Figure 6.1) such that it can be
moved with high resolution in the x and y directions. The surface of the substrate is
then brought into focus of the ancillary optical imaging system by adjusting the ax-
ial position of the objective lens with respect to the fixed height of the sample plane.
Roughly 0.5 — 1 mL of deionised water is then deposited onto the centre of the speci-
men in order to provide acoustic coupling between the phonon probe and the imaging
objects. Then the x/y stages are adjusted to centre the grid (Figure 6.9) within the field
of view of the optical imaging system.

To initiate the measurement procedure, the phonon probe is manually descended
towards the sample plane using the coarse adjustment of the overhead assembly. Once

the tip nears the air:water interface the z-micrometre is then used to carefully descend
the probe tip into the water droplet and approach the substrate surface. Furthermore,
the x and y micrometres in the overhead assembly were used to ensure that the fibre

phantom sample plane

Figure 6.11: Conceptual illustration of the measurement environment when using the
phonon probe as a microscopic imaging tool. The experimental configuration presented
in this study will use a z-piezo stage to carefully position the tip of the phonon probe
within 5 um of a PS phantom. The scanning action of the imaging technique will solely
be performed by the x/y stages controlling the horizontal position of the specimen
substrate. Water is used as an acoustic coupling medium between the probe and
the phantom. As the phantom is scanned beneath the fixed fibre tip, the probe beam
(pictured in red) will experience different TRBS interaction lengths as the topography of
the phantom changes.
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tip was centred in the field of view of the imaging system. At this point the x/y stages
are used to locate a patch of substrate where there are no phantoms, which will facil-
itate a safe position for localising the substrate surface with respect to the positions of
the z-micrometre and the z-piezo. The approach protocol used in Section 6.2.1 was
employed to then bring the tip of the phonon probe towards the substrate such that it is
within the dynamic range of the measurement system. Once this had been confirmed
by observing a change in the TRBS signal (this piezo step + look for boundary sig-
nal process can be automated in the future), the probe tip was adjusted so that it was
roughly 5 um away from the surface, and the positions of the z-micrometre and z-piezo
were recorded.

Following the localisation of the substrate surface, the x/y stages were used to
move the desired imaging target (initially green box in figures 6.9-6.10) into the centre
of the optical and acoustic imaging systems; this can be confirmed optically since both
the fibre tip and the phantom are within the focal plane of the imaging system (see
Figure 6.12a). Before scanning the object, a series of single-point measurements were
acquired at the apparent centre of the phantom while adjusting the position of the z-
piezo; the piezo was disengaged once the TRBS boundary response appeared to occur
at a proximity of roughly z = 2 — 3 um as presented in 6.12b. This stand-off distance
between the fibre tip and the phantom was selected in an attempt to maximise the signal
length in which boundary transitions can be detected (before attenuation becomes too
great), and also to leave enough spacing to accommodate potentially taller portions of
the phantom.

From this point, the z-position of the fibre tip was left fixed and all scanning took
place using the x/y stages controlling the phantom position. In the future, the z-piezo
can be used as an additional degree of freedom with which the dynamic range of the
technique can be extended. The phantom was then moved such that the fibre was
centred at the bottom left corner of the scan area shown in green in 6.12a. The follow-
ing experimental parameters were defined: scan area of 100 um x 100 um, x/y step
size of 2 um, 15k oscilloscope averages, and using the half time window (50 ws) for
better acquisition speed. The entire scan took roughly 2.8 hours with each pixel taking
approximately 4 seconds to acquire. Measurements of the DC light levels were only
recorded at the beginning and end of the experiment as the modulation depth of the
signals is not critical to achieve proof of concept for imaging; the AC portion of the signal
is sufficient for the time-frequency analysis used to make proximity measurements.

In Figure 6.13 the maximum signal amplitude is mapped across the scan area.
Upon initial inspection it appears that the signal amplitude is indeed sensitive to changes
in the topography of the object geometry. The magenta circle, cross, and diamond
markers represent pixels which will be individually analysed in order to better under-
stand the range of responses exhibited by the phonon probe. The diamond pixel, which
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Figure 6.12: (a) Image from the ancillary optical imaging system used to locate the
phantom objects and also the approximate position of the fibre tip with respect to the
imaging focal plane. The phantom has been moved such that it is roughly centred
beneath the fibre tip which is the light grey region outlined with red (red dot is the
approximate position of the 5 um core), and the scan area has been identified in green.
(b) TRBS signal that occurs when the phonon probe is piezo stepped down to within
3 wm of the phantom-centre, confirming that the object is now within the dynamic range
of the device. Scale bar is approximately 50 um.

is located in the bottom right extreme of the scan area (well away from the phantom),
does not appear to contain a fast amplitude decay which would be representative of
a boundary between materials, as confirmed by the relatively flat response seen in
the attenuation corrected wavelet response (C,," in bottom trace). This implies that
the specimen substrate is beyond the penetration depth of the phonon probe at this
location (non-measurement).

On the other hand, the time-domain signals at the circle and cross markers clearly
reveal a sharp signal decay. At the position of the circle marker, the TRBS signal tran-
sitions from g = 4.88 GHz to fg = 8.25 GHz as confirmed by the frequency spectrum.
This ~ 8 GHz peak was also used to set the centre frequency for the mother wavelet re-
sulting in the amplitude response seen in green. The proximity measurement protocol
outlined in Section 6.2.2 was used to produce an experimental distance measurement
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between the fibre tip and this position of the phantom, z. = 1.38 um (red star). How-
ever, just ~ 4 um away (laterally) from this pixel, at the cross marker, this transition in
Brillouin frequency is no longer observed, despite there being a sudden signal decay
which produces a proximity measurement of z. = 1.86 um.
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Figure 6.13: (top-left) Maximum TRBS signal amplitude map resulting from the scan
of the object in green in figures 6.9, 6.10, and 6.12. Blue corresponds with minimum
amplitude and red maximum amplitude. When the 5 GHz frequency phonons (in water)
are suddenly impeded by the phantom, a lower TRBS signal amplitude is observed,
and vice versa when there is no object within the penetration depth of the phonon
probe. The red dots (forming a square) are DC optical reflections from the gold dots
of the gridded coverslip. Example pixels have been identified using the pink markers.
(Diamond) Example of when the sample plane is beyond the dynamic range of the
probe as seen by the slow attenuation of the signal (therefore flat response of cor-
rected wavelet coefficients C,,"). (Circle) The TRBS signal transitions from the Brillouin
frequency of water to that of the PS phantom as confirmed in the FFT; in the wavelet
response, the signal amplitude at fg(PS) (green) increases as the amplitude at the
carrier frequency decreases (blue). A proximity measurement is attained as described
previously z. = 1.38 um. (Cross) A similarly proximal boundary compared with that of
the circle-marker, but no Brillouin mode is observed at fg(PS).

205



From Figure 6.13 it is apparent that not every proximity measurement event is ac-
companied with a frequency measurement of the imaging target. This is likely due to
one of the following reasons:

1. the imaging target is not photoelastic or is weakly so

2. the acoustic impedance mismatch between the couplant and imaging object is
very large preventing the acoustic field from entering the object

3. the acoustic wave has attenuated too much by the time it transmits into the imag-
ing object

4. the topography of the imaging object is such that the sound refracts away from the
optical axis of the phonon probe, and the TRBS interaction strength is reduced
(discussed in Section 6.3.3).

Since PS is known to be a photoelastic object, as experimentally confirmed in this study,
case #1 is unlikely to be the cause. Considering case #2, the acoustic impedances
(Z = pv) of water and PS are relatively similar; the acoustic amplitude transmission
coefficient between the two materials is given by [161]

VH,0  2ZH,0

T.. —
* " Vps Zm,0 + Zps

~ 50% (6.3)

which should be detectable. For case #3, given the ~ 500 nm difference in axial dis-
tance between the circle and cross measurements in Figure 6.13, the amplitude decay
due to acoustic attenuation will only result in a 20% decrease in amplitude; i.e., de-
spite additional attenuation, the acoustic amplitude in the secondary object should be
detectable using TRBS. Therefore, it is most likely that the lack of observed Brillouin
oscillations in the secondary material is due to the geometry of the water/phantom inter-
face scattering sound away from the optical axis of detection (case #4). This concept
will be revisited in the Section 6.3.3; the next Section will focus on reconstructing a 3D
profile using the decay of the fg(H,O) mode at the water/PS interface.

6.3.2 Three-dimensional profiling

Following the scanning of the PS phantom, the TRBS signal at each pixel in the image
(51 x 51 pixels) was wavelet transformed using the same wavelet bandwidth (N, = 6).
The criteria discussed in Figure 6.5 was used to determine whether a TRBS signal
produces a proximity measurement; to briefly summarise: the absolute minimum value
for the corrected wavelet response should correspond with the wavelet having fully
exited the water medium (m¢c < Tmin), therefore an upper limit was placed on T,
such that minor amplitude fluctuations do not register false measurements. A value of
Tmin = 0.4 — 0.5 was primarily used for this study, if the minimum value of C,,” does
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not fall below this threshold then the measurement is anchored to the end of the time
window (non-measurement).

This process produces the proximity map seen in Figure 6.14a, where the ex-
perimental sound velocity (Equation 6.1) at each pixel provides the necessary time-
distance conversion. Subsequently a proximity measurement threshold is assigned to
create a binary mask for the phantom (Figure 6.14b) in order to separate the object
from the background. This provides an opportunity to average together the lower SNR
background pixels (blue pixels in Figure 6.14b), increasing the number of averages from
15k to ~ 33M with which an ensemble measurement of the object floor (or SNR floor)
can be made. Figure 6.14c shows this ensemble TRBS signal and corrected wavelet
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Figure 6.14: Process flow for rendering a proximity map from TRBS signals in an area
scan. (a) Raw proximity measurements attained from the position of the amplitude roll-
off (of the corrected wavelet response) induced by the water:phantom boundary. (b)
Binary mask created by thresholding the proximity map in (a). (c) All background (blue)
pixels in (b) can be combined into one high average signal (33M averages) from which
a potential proximity measurement of the floor can be made. In this case the wavelet
response did not meet the measurement-threshold requirement (C,,” < Tmin) resulting
in a non-measurement (red dot is an approximate position of the SNR floor). (d) Mask
and background averaging applied to the original proximity map; in this instance the
map provides the height contrast of the sample. All scale bars represent 10 uwm.
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response, however, the minimum value of the wavelet response (m¢, green marker)
does not fall below the measurement threshold (green line) which renders the entire
image background as a non-measurement. The z-position of the red dot is defined by
the half-way point between amplitudes m¢ and 1, and provides an estimate of the SNR
floor with zf;00r &=~ 6 wm proximity to the fibre tip. Figure 6.14d reveals the masked
proximity map where the background is now positioned at the SNR floor measurement.
If a non-measurement is assigned to the background, it’s exact numerical value is less
critical since the map then only represents the proximity contrast, or relative proximity
(for the non-masked region).

Now that the proximity map has been rendered, it's values can be inverted in space,
h = zfi00r— Zprox, t0 Create a relative height map of the upper h = 4.6 um of the phantom
(relative to the SNR floor) and is presented in Figure 6.15c. The lateral features of the
3D image appear to reproduce the unique shape of the phantom, first observed in
the optical brightfield image attained by conventional microscopy (Figure 6.15a). An
optical profilometer (Zeta Optical Profiler, see Appendix E) was used to corroborate
the height contrast measured by the phonon probe (see Figure 6.15b). Furthermore,
a stylus profiler (see Appendix E) was also used to measure the height of the object
along arbitrary cross-sections (Figure 6.15d).

Both the optical and stylus profilometers produced maximum height measurements
of h,ps = 7.7 um which further confirms that the phonon probe image is a relative
measurement. However, the contours measured by the phonon probe for the top few
microns of the object correlate well with those seen in the optical profilometry, albeit with
lower spatial resolution. A critical difference between the optical and acoustic measure-
ments, is that the optical inhomogeneity produced by the sub-surface defects present
in the phantom appear to distort the accuracy of the height map of the optical profiler
(discussed further in the Section 6.4). These artefacts do not affect the measurement
from the phonon probe since the decay of the acoustic time-of-flight is unaffected by
sub-surface features.

Next the phantom structures in the red boxes of figures 6.9 and 6.10 were targeted
and an area scan of 120 um x 120 um in 2.5 um steps was performed (49 x 49 pixels)
with the same 15k averaging rate (per pixel). This structure presents an interesting
opportunity since its absolute height h,,s = 4.89 um (as measured by the optical profiler
in Figure 6.16b) is within the zpr ~ 6 wm dynamic range of the phonon probe (at
Xprobe = 850 nm and 15k averages). However, the ability to measure the distance
from the fibre tip to the floor of the specimen (i.e. the substrate) will also depend on
how proximal the phantom-peak is to the fibre tip. In this case the position of closest
approach between the fibre tip and phantom was approximately 1.96 um, meaning that
the remaining dynamic range is on the order of zpr ~ 4 um. The averaging of the
background pixels (approximately 32M averages) resulted in the TRBS signal seen in
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Figure 6.15: (a) Optical brightfield image of the current imaging target. (b) Abso-
lute height map attained using an optical profiler. A maximum phantom height of
h.ps = 7.7 uwm was measured, however, the accuracy of the technique is limited by
the optical inhomogeneity of the object (see artefacts). (c) Relative height map pro-
duced by the phonon probe (the axial inverse of the proximity map in Figure 6.14d).
The maximum height measurement of h = 4.6 um is relative to the position of the SNR
floor since a measurement of the physical floor could not be attained with this object.
(d) Further corroboration of the true phantom height using a stylus profilometer (along
arbitrary cross-sections of the phantom), with a maximum height of 7.7 um. All scale
bars represent 10 um.

Figure 6.16d; a sudden decay of the 5 GHz carrier signal is seen around = 6 wm which
points to the presence of a boundary (measurement). However, the measurement
threshold for this signal remains ambiguous due to how low the SNR is later in the
trace. In any case a boundary transition occurs centred at zfj,o, = 5.81 um (red dot)
was measured which can serve as the base for the relative height map (Figure 6.16c).

The maximum measurable height in this experiment was h = 3.85 um compared
with the h,ps = 4.89 um measured with optical profilometry, a measurement error of
€, = 1.04 um. This offset between the two measurements can be explained by: (1) the
1.96 wm closest approach which limits the dynamic range (unable to resolve the bottom
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~ 1 um portion of the object), and (2) the maximum height of the object is aliased by
the spatial resolution of the phonon probe. With regards to this latter effect, since the
lateral resolution (discussed in Section 6.4) of the phonon probe is less than optical
profilometry, the “taller” features in the phantom will be averaged with “shorter” features
within the same point-spread function (PSF). Therefore the true height of the peaks in
Figure 6.16b will be aliased when the height varies with spatial periods that are less
than the resolution of the device.

An additional area scan was performed on the triangular phantom (bottom left) in
Figure 6.16 with a higher resolution step size of 1 um and is found in the right-hand
pink box in Figure 6.16c¢. As a result, there is an apparent increase in image resolution,
however, since the characteristics of the probe PSF have not changed, it is instead
more accurate to characterise this as an increase in the precision of the local height
measurements. This is a consequence of the finer lateral step sizes causing the fibre tip

(wrl) 3ybiay a3njosge

2 4 6
distance (um)

(wrl) 3ybiay aanelal

distance (um)

Figure 6.16: (a) Optical brightfield image of the current imaging target. (b) Height
map as produced by optical profiler revealing a maximum height of h,ps = 4.89 um.
(c) Height maps resulting from the area scan with the phonon probe. A maximum
height of h = 3.85 um was measured from the average SNR floor position found in (d)
(zf100r = 5.81 uwm). Pink box in (c) shows a re-scan of the lower-left microstructure with
finer x/y step sizes. All scale bars represent 10 wm.
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to dwell (and thus average) over any given um? area for longer than with coarser steps.
Strategies for increasing the true lateral resolution of the technique will be discussed in
the following section and Chapter 7.

A final scan was performed on the phantom outlined in blue in figures 6.9 and 6.10,
and the resulting 3D images are found in Figure 6.17. Experimental parameters of 15k
oscilloscope averages, 40 um x 40 um area, and 1 um steps (41 x 41 pixels) were
utilised. The tip of the fibre had a minimum proximity of z = 2.10 um with the phan-
tom, leaving zpr ~ 4 um of available dynamic range given the current experimental
parameters. Optical profilometry and the phonon probe produced maximum height
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Figure 6.17: (a) AFM height map of the object shown in blue in Figure 6.10. The
maximum height measured with this technique, 2.25 um, does not corroborate that of
the optical profiler (nor the phonon probe), indicating that this measurement is likely
the relative height of the object. Pink square outlines the field of view encompassed by
AFM measurement. (b) Optical profilometry of the object indicating a maximum height
of hyps = 2.700 uwm. This is corroborated by the measurement made by the phonon
probe (c) h = 2.695 um showing the potential for the phonon probe as a 3D imaging tool.
(d) Measurement of the physical floor of the specimen. The pixels which are rejected
by the mask are averaged to create a high SNR floor-pixel (top). Corrected wavelet
response contains a minimum value (green marker) which approaches zero (and is
well below the measurement threshold, green line), permitting an actual measurement
of the fibre/substrate proximity (red star). All scale bars represent 5 um.
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measurements of h,ps = 2.700 um and h = 2.695 um respectively (figures 6.17b-c).
This initial accuracy of €, = 5 nm for the phonon probe will be discussed further in Sec-
tion 6.4. The measurement of the object floor (with the phonon probe) can be seen in
Figure 6.17d; the boundary-decay in the TRBS signal is clearly seen in both the acous-
tic time-of-flight (top) and the corrected wavelet response (bottom), and in addition, the

minimum C," value (green marker) is well below the measurement threshold (green
line) producing an unambiguous measurement (red marker).

In addition to optical profilometry, AFM was used in attempt to further corroborate
the height profile (Appendix E). However, at the time of writing the available AFM instru-
ment did not have sufficient dynamic range to cope with structures taller than 1 —2 um.
During measurement the piezo-element controlling the axial position of the AFM-probe
was at the limit, confirming that the object was not being fully sampled. Consequently,
the AFM height map (Figure 6.17a) appears to be a relative height measurement (of
the upper ~ 2 um), notwithstanding the fact that the maximum height does not agree
with the optical profiler nor the phonon probe.

This section has presented proof of concept that the phonon probe can be used to
image objects in 3D on the micrometre scale. The following section will demonstrate
the potential for the device to map the Brillouin frequency of the imaging target, which
would provide access to elasticity-related information.

6.3.3 Brillouin imaging

As discussed in the Section 6.3.1, the Brillouin frequency within the PS-phantom can
be measured given that acoustic impedance, acoustic attenuation, and the scattering
geometry do not result in loss of sensitivity to the TRBS signal in the PS-phantom. The
latter phenomenon will now be explained further. Figure 6.18a demonstrates a map
of the Berillouin frequency obtained by the phonon probe for the PS-phantom shown in
Figures 6.12-6.13 (produced from the same TRBS signals used for 3D profiling). The
blue portion of the map represents the frequency measurement of the water medium
(= 5 GHz); when the TRBS signal amplitude (in the frequency domain) breaches a
user-set amplitude threshold within the signal band of interest (> 8 GHz for PS), the
frequency position at the local maximum within that band is recorded (pink pixels in
Figure 6.18a). An alternative way to visualise this frequency map is by calculating the
average Brillouin frequency measured in the PS: fg(PS) = 8.43 + 0.17 GHz. Then
the maximum FFT amplitude within this frequency band is assigned as the degree
of opacity in the intensity channel plotted in Figure 6.18b (overlaid onto a brightfield
image).

The TRBS signals can also be directly used to visualise the changing topography;
Figure 6.18c shows the absolute value of the TRBS signal along the cross-section of the
phantom shown in the inset of Figure 6.18d. Here the abrupt decay of the fg ~ 5 GHz
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mode (appears as 10 GHz with absolute value) follows the height profile measured
through wavelet analysis. This is also the case when the TRBS signals are high-pass
filtered for fg > 8 GHz as shown in Figure 6.18d. Now the fz ~ 9 GHz mode in the PS
shows to be highly localised towards the peaks of the object, and is unresolvable as
the height gradients begin to increase down the sides.

Figure 6.19a shows the height gradient map (in units of inclination angle between
neighbouring pixels) of the topographic map presented in Figure 6.15c. Here the steep
height gradients of the object become accentuated, as does the relatively flat ridge
connecting the peaks of the structure (central black region). Using the frequency mea-

9

05 (b)
8
= )
=
75 @ 3
c °
7 0] -
S | c
1) S
65 < )
9) >
S c
5.5
5
45 L
8 —_—
Q
7S _g
3 =
6 S gr-
5 & )
s _
4 2 ’J;
33 <
c
N X
2 = X
o
1 =

Figure 6.18: Mapping Brillouin frequency in a PS microstructure (object in Figure 6.15).
(a) Map of the maximum amplitude frequency position in the frequency domain shows
the pervasive fg =~ 5 GHz mode (blue) from the couplant; when the FFT amplitude for
the /5 > 8 GHz band rises above an amplitude threshold, the frequency position of
the local maximum is recorded (pink pixels); scale bar 10 um. (b) The mean Brillouin
frequency measurement in the PS was calculated fg(PS) = 8.43 +£0.17 GHz, and the
maximum FFT amplitude within this frequency band is assigned as the opacity of the
intensity channel (overlaid onto brightfield image). (c) The absolute value of the TRBS
signals (time of flight along the vertical direction) is plotted along a single cross-section
of the phantom (inset in (d)). The 5 GHz mode attenuates at the object interface which
is confirmed by the height profile measured through wavelet analysis (red). (d) When
the TRBS signals are high-pass filtered for fz > 8 GHz, the fg(PS) water becomes
clearly visible, however, only at the peaks of the object. Horizontal scale bars - 20 um,
vertical scale bars are approximately 1 um.
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surement information in Figures 6.18a-b, and the height gradient, the maximum angle
at which fg(PS) can still be measured was calculated: 8¢, ~ 10°. Figure 6.19b demon-
strates the proportion of a single height cross-section where this angle-condition is met
(grey lines indicate 65, > 10°). The inset of Figure 6.19a provides visual confirmation
that the regions of minimum height gradient correspond with the regions in which the
Brillouin frequency can be measured.

By further inspecting a region of high gradient (orange square in Figure 6.19b) the
cause of poor TRBS sensitivity can be identified. At oblique angles of incidence (due
to curved object-geometry), both light and sound waves will refract at the interface
according to the relative difference in acoustic and optical properties of the two media
(see Figure 6.19c). Since light slows down upon entering PS, the refracted ray will bend
towards the surface normal; conversely since sound speeds up upon entering PS, the
refracted ray will bend away from the surface normal (Figure 6.19c). In this example,
both light and sound are incident to a PS-surface that is angled by 6; = 6, = 40°. Using
Snell’s law, light will refract at an angle of 8- = 33° from the surface normal (A8 = —7°)
and sound will refract at an angle of §° = 80° (A8 = +40°).

The end result of this interaction, is that the acoustic and optical fields lose spa-
tial overlap, an effect which worsens with depth (and inclination angle). Recall from
Equation 2.77 that TRBS signal strength is proportional to the acoustic amplitude and
the probe intensity. Therefore, when the overlapping volume between the two fields
is reduced, the TRBS signal amplitude will suffer. Additionally, the photon and phonon
wavevectors will now differ by the relative refraction angle between them 64;rr = 6° —6L.
Consequently, the probe beam will now sample a lower spatial frequency of the acous-
tic field; one which results in a measured Brillouin frequency of

2
fB = n Cos Gd;ff ~ 3.2GHz

probe

for the example of 6; = 40° and Ap,ope = 850 nm.

The above set of circumstances is unique to the case of the acoustic and optical
fields travelling from water into PS. The fact that the fields diverge from each other is
due to the negative velocity gradient experienced by light and the positive velocity gra-
dient experienced by sound. However, the aggressiveness of the this divergence, par-
ticularly with respect to the acoustic field, is due to the contrast in acoustic impedance
between the two materials. This is also accompanied by a 50% transmission loss across
the boundary (Equation 6.3). However, if the PS-object was replaced by a material with
less severe refractive index and acoustic impedance mismatches, then the phonon
probe would be better able to resolve sub-surface elasticity-related information of the
object since the overlap between the fields will be better optimised versus depth. One
such material would be a biological cell. Using common values for the mean sound
velocity, refractive index, and mass density for cells like 3T3 fibroblasts or blood cells
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Figure 6.19: Demonstration of the effect of oblique incidence when normally incident
light and sound impinge on an object with curved topography. (a) Gradient of the height
map presented in Figure 6.15c (scale bar 10 um); the height difference between two
neighbouring pixels and the horizontal distance between the pixels is used to calculate
the wall angle (angle of inclination). The flat (dark coloured) inner region of the phantom
corresponds with positions of the Brillouin frequency measurement (Figures 6.18a-b),
as confirmed by the overlay of the Brillouin amplitude map onto the height gradient
(inset). From this correlation, when the height varies by more than 65, ~ 10° the Bril-
louin frequency of the PS-phantom cannot be resolved. This unresolvable region is
shown as the striped segment of (b) which is a cross-section of the optical profilometry
taken from Figure 6.15b. Within the orange square, an area of steep height gradient
(6r, ~ 40°), causes both acoustic (blue) and optical (red) refraction (c). (c) Due to the
contrasting velocity gradients between sound and light (for a water to PS transition)
the acoustic and optical fields refract away from each other resulting in loss of spatial
overlap (purple volume) and therefore TRBS signal amplitude.

[221—-223], both the optical and acoustic transmission coefficients and the correspond-
ing refraction angles can be calculated. For example, compared with the T, = 50%
transmission rate in acoustic amplitude between water and PS, the acoustic transmis-
sion rate between water and the model cell [221-223] will instead be on the order of
90%. Furthermore, for the 6; = 40° incidence example in Figure 6.19c, both the acoustic
and optical rays will now refract by less than 6, < 2°, resulting in an interaction volume
(Figure 6.20) which is much greater than the analogue in Figure 6.19c. For example
the ratio between the purple volumes (and the TRBS signal strength) within the fields
of view in Figures 6.19-6.20 is roughly a factor of 4, a number which will continue to
increase with depth. These conditions between the coupling medium and cells bodes
well for applying the phonon probe to parallel cell 3D imaging and elastography.
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Figure 6.20: Change in the opto-acoustic scattering interaction when the imaging tar-
get contains similar refractive index, sound velocity, and mass density to the coupling
medium, e.g. a 3T3 fibroblast cell. The refraction angles, 1.95° (acoustic) and 1.05°
(optical), are much less severe than the case of a PS-object (Figure 6.19¢) resulting
in better overlap between the optical and acoustic fields in the sub-surface volume of
the object. Also the similarity in acoustic parameters will result in over 90% transmis-
sion of the incident acoustic amplitude which will further increase the TRBS interac-
tion strength. These qualities will lend themselves towards using the phonon probe to
achieve effective depth sectioning of the Brillouin frequency in biological media.

6.4 Discussion

In this section the unique capabilities (and limitations) of the phonon probe will be
discussed in the contexts of imaging and metrology. First the sources of measurement
error will be introduced and discussed, followed by a general discussion on how the
phonon probe compares with state of the art profilometry techniques. This will motivate
a discussion on the resolution, both lateral and axial, provided by the device and how it
might be improved in the future.

6.4.1 Sources of systematic error

There are two main sources of systematic error within the measurement system as it
pertains to measuring the proximity of the fibre tip to an object or boundary: the error
introduced by the high-voltage piezo amplifier (controlling the z-position of the fibre tip),
and the error introduced by the temperature gradient surrounding the tip and therefore
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creating a ruler with inhomogeneous tick marks. The former is only relevant when z-
position is one of the degrees of freedom within the experiment, i.e. if it is kept at a fixed
position throughout an area scan then it will have a null contribution to measurement
error; this is the case for the 3D imaging results presented in this chapter. However,
for the measurements presented in Section 6.2.2), where the z-piezo was used to vary
the stand-off distance between the fibre-tip and a petri dish, this error should be con-
sidered. The Pl P-721 PIFOC nanopositioner converts voltage to translation at a rate
of 1 um/V over the voltage range of —20 V' — 120 V. Recall from Section 6.1 that
this voltage is supplied by controlling the output voltage of a microcontroller over the
range 0 — 5 V/, which is then amplified by G = 20 using a piezo driver amplifier. There-
fore, any fluctuation in the output voltage of the microcontroller and/or the amplifier will
result in error with respect to the expected translation given the user-defined voltage
step and the 1 um/V specification of the stage. To investigate this, the microcontroller
and amplifier output voltages were monitored with a multimeter. The 0 — 5 V voltage
range was swept in steps of 250 mV/, which should amount to 5 V' step changes for
the amplifier output (5 um). In Figure 6.21a the measured amplifier output voltage is
plotted against the measured microcontroller output voltage, showing an average slope
of Gamp = 19.99 a variation of less than 1% compared with the expected amplification
factor G = 20. However, when investigating the actual voltage step taken by the micro-
controller (Figure 6.21b), small 4 mV deviations are seen which feed through the ampli-
fier resulting in a maximum deviation of 73 mV (Figure 6.21c). Using the specification
of the nanopositioner, these voltage fluctuations only result in a maximum positional
error of 73 nm (see Figure 6.21d). The values shown in Figure 6.21 are the average
measurements over 3 repetitions of the voltage measurement protocol. This process
for calibrating positional error will be required in the future when the z-piezo stage can
be utilised to increase the dynamic range of the phonon probe.

A brief consideration is made for the error in axial distance measurement due to the
optical fibre potentially sitting at an angle with respect to the target object. This situation
is again limited to the scenario in which the z-piezo is utilised as a degree of freedom
in the scanning protocol (not the case for the 3D images presented in this study). An
angle () between the surface normals of the fibre tip and the specimen can be created
by the clamping mechanism (Thorlabs SM1F1-250) for the optical fibre, the specimen
stage supporting the sample, or a combination of both. Figure 6.22a illustrates this
scenario; it is assumed that the piezo-stage results in pure vertical motion of the fibre-
clamping assembly, however, due to an angle (either created by the fibre-clamp or the
sample plane) an offset (e,) will arise between the vertical step taken by the piezo-stage
(zp) and the distance measured by the phonon probe (z.). This offset will worsen as
the angle increases, and the stand-off distance increases, which is confirmed in Figure
6.22b. However, it is reasonable to consider that the fibre is unlikely to create an angle
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Figure 6.21: Characterisation of the z-positional error when using the z-nanopositioner
to measure changes in proximity (Figure 6.8) or as a degree of freedom within the
imaging set-up. (a) Measured output voltage from the PiezoDrive amplifier as a function
of the measured output voltage of the Phidget microcontroller. The voltage gain (slope)
is measured as 19.99 which closely agrees with the specification of the amplifier (20).
(b) The microcontroller was driven in 250 mV steps (e.g. 250 mV/, 500 mV/, 750 mV/, etc);
the measured voltage steps reveal small fluctuations which are amplified by a factor of
20 by the amplifier (c). Despite ~ 50 mV fluctuations, a mean step of 5 V (5 um for
the piezo stage) was still achieved by the amplifier. (d) These fluctuations translate to
positional errors on the order of ~ 50 nm, with a maximum error of approximately 70 nm.

of more than § = 5 — 10° when it is placed into the channel of the fibre-clamp and the
specimen stage is levelled. For the case that 8§ = 5°, a maximum error of ¢, =~ 20 nm is
estimated at z, = 5 um; therefore, for the distances covered by the petri-dish calibration
in Section 6.2.2, this source of error is less influential. Nevertheless, the phonon probe
can be used to correct for this error by measuring the differences in proximity (at a fixed
stand-off distance) between at least 3 vertices of a square/triangle patten. Then the
stage or fibre angle can be adjusted and the measurement process repeated until the
angle error has been compensated, and is similar in principle to correcting for tilt in
AFM.

A key source of measurement error arises due to the TRBS signal having an instan-
taneous frequency which is not entirely constant across the time-of-flight. If the Brillouin
frequency fluctuates as a function of axial distance, then so too does the measurement
of the sound velocity (Equation 6.1) and ultimately the conversation rate from time to
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Figure 6.22: (a) Diagram illustrating the phonon probe sitting at an angle with respect to
the sample plane. The deviation of the fibre from normal incidence (e.g. at angle 6) will
cause a discrepancy between the direction in which the piezo-stage moves (z,) and the
distance measured by the phonon probe (z.). (b) The offset between these quantities,
€2, worsens with angle and height, however, measures are taken in the experiment to
ensure that the fibre is as vertical as possible. It is likely that the experimental angle is
6 << 10°, implying that the error due to this effect is €, << 100 nm, especially given
the stand-off distances reported in this study (z, < 10 um).

space used to provide a spatial measurement. This phenomenon becomes relevant
due to the fact that the fibre transducer produces heating within the measurement vol-
ume (as characterised and discussed in Section 5.2.2). Through the thermo-acoustic
effect, the induced temperature gradient modulates the sound velocity within the mea-
surement volume. Consequently, a constant sound velocity for the medium (water) -
obtained from the FFT of the entire TRBS signal - can no longer assumed. For this
previous case, the spatial vector is assembled using the original time-discretisation of
the signal (At) and a constant sound velocity (v.) measured by Equation 6.1:

Ze =2z = Z ve At (6.4)
k=1

where i denotes the i*" element in the spatial vector, and the uniform discretisation of
the vector can be written as Az, = Az = v At. In reality, the deviation from constant
sound velocity will produce a spatial vector

Zr=zj= i vilAt (6.5)
k=1
with spacing Azr = Az(fg,) = vi(fg;)At. Now, in order to estimate and compen-
sate this positional error, the time-varying sound velocity should be characterised and
included in the time-space conversion.
Two separate experimental signals (without a boundary in the measurement vol-
ume) were wavelet transformed across the Brillouin frequency-centred bandwidth 7. =
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4 — 6 GHz. The frequency which exhibited the maximum amplitude wavelet coefficient
(Cw) at each time-slice is plotted in Figure 6.23a (blue and red lines); this time-varying
frequency-fluctuation was then fitted using a high-order polynomial (light blue and red
lines) and used to determine the time-varying sound velocity (right y-axis) assuming
a constant refractive index (Equation 6.1). The assumption that the refractive index
of water is constant with changes in temperature is reasonable when comparing the
thermo-optic and thermo-acoustic coefficients of water. In Figures 5.10a-b these co-
efficients are plotted for the temperature range 20 < T < 100°C. Considering the
maximum variation in the values over this range, the maximum percent variation in the
refractive index with temperature is on the order of 1%, and the maximum percent vari-
ation in the sound velocity is on the order of 15%. Accordingly, the maximum percent
variation in the theoretical Brillouin frequency over this range (Figure 5.10c) is also 15%.
Therefore, since the variation in sound velocity is over an order of magnitude greater
than that of refractive index, and matches the total variation in Brillouin frequency, the
variation in water’s refractive index with temperature can be approximated as constant
nH,0 = 1.33.

Now, the temperature-dependent sound velocity can be used to calculate Equation
6.5, and therefore redistribute the zr ticks of the z-ruler for each experimental TRBS
trace. The offset between the spatial vector calculated using a constant spacing Az,
(single fg value extracted from frequency spectrum) and the spatial vector calculated
with spacing Azt results in an estimate of the positional error, €,

€Z = ZC — ZT (66)

and is plotted for the two TRBS signals in Figure 6.23b. Despite there being subtle
differences in the rate of change in instantaneous Brillouin frequency and sound velocity
between the two TRBS signals - e.g. due to slight differences in beam power and
therefore heating/diffusion between the two experiments - it is evident that the overall
effect on the positional error remains similar.

From Figure 6.23b, the magnitude of the error is small towards the beginning of the
time-vector, where the instantaneous Brillouin frequency matches the weighted aver-
age Brillouin frequency (frequency peak in FFT) of the entire signal; for the blue and red
signals this average Brillouin frequency is fg = 4.83 GHz and fg = 4.79 GHz respec-
tively. However, as the sound velocity fluctuates (beyond t > 2 ns in Figure 6.23a), this
error will carry on and accumulate towards the end of the time-vector, seen at the end
of Figure 6.23b. Therefore, the error in measuring the proximity of the floor/substrate of
a specimen will be greater than measuring the peak height of the specimen, since the
floor will occur later in the time-vector. Figure 6.23b can then be used to estimate the
maximum positional error for the three objects imaged in Figures 6.15-6.17. For these
objects the floor (or SNR floor) was localised at the t = 3.95, 3.80, and 3.14 ns time
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Figure 6.23: Estimation of positional error due to in-depth fluctuations of the sound
velocity within the measurement volume. (a) Wavelet transformation of three TRBS
signals: 1 with a boundary (WB - green), and 2 without a boundary (NB - blue and
red). The frequency containing the maximum amplitude wavelet coefficient is plotted
as a function of signal time. All three signals demonstrate a similar average Brillouin
frequency of fg ~ 4.8 GHz, which is represented by the relatively flat region between
t = [0,2] ns. After t = 2 ns the red and blue curves begin to vary in frequency, which
can be explained by temperature fluctuations within the measurement volume (see
Figure 5.14). The green signal varies much more rapidly in frequency after the bound-
ary as the TRBS oscillations attenuate drastically and sound velocity can no longer
be measured (dotted green). The instantaneous frequency can be interpolated (for
smoothness) (light blue and red curves) and used to calculate the instantaneous sound
velocity (right axis). This is then used to build unique spatial vectors for each trace
that have spacings Az; = v;(fg;)At. The error €, between the new spatial vectors and
those calculated using a constant sound velocity is shown in (b). All three signals show
close agreement before the green signal diverges (non-physical), after which the two
NB responses remain in close agreement.

positions respectively. These time positions translate to positional errors of ¢, = 91, 73,
and 40 nm using the red error function in Figure 6.23Db.

For the special case of the object in Figure 6.17, which appeared to be fully recon-
structed in height by the phonon probe, the original proximity measurement of the floor
Ze = Zf1oor = 4.796 um, can be corrected using Equation 6.6 and the ¢, calibration in
Figure 6.23 (for t = 3.14 ns):

ZHoor — 70 — e, = 4796 um — 0.040 um ~ 4.756 um
The peak of the object occurred at time t = 1.37 ns (z. = 2.101 wm original measure-
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ment), corresponding to a positional error of e, = 16 nm, and a corrected measurement
of

7Pk — 7. — ¢, =2.101 pm — 0.016 wm ~ 2.085 um

Now, using the new measurements above, the total height measured by the phonon
probe can be updated to

hy = zfleor z?eak =2.671 um

which compared with the absolute height measured through optical profilometry, results
in an accuracy estimate of

€abs = haps — ht =30 nm

rather than the 5 nm accuracy that was originally reported for the raw height measure-
ment in Figure 6.17.

In this exercise the two signals without boundaries have been used to estimate the
positional error for signals that do contain boundaries. In Figure 6.23, a signal contain-
ing a boundary (WB) has been included in green for comparison. Due to the sudden
attenuation of this TRBS signal, there exists a strong low frequency component (the
envelope of the attenuated waveform), which dominates the maximum amplitude fre-
quency after the transition at t =~ 1.4 ns (dotted green in Figure 6.23a). However, the
overall frequency content of the wave before it has attenuated closely matches the two
NB signals, the latter two being relatively flat for the first t ~ 2 ns. Consequently, the
positional error for the WB waveform in Figure 6.23b does not deviate by more than
4 nm compared with the average of the red and blue curves (for t < 1.4 ns). This
agreement indicates that the NB-cases are valid approximations whether there exists a
boundary or not, and are sulfficient to estimate the total positional error. This process for
identifying and calibrating positional error should ideally be repeated for each new ex-
periment; especially when conditions such as the pump and probe wavelength or beam
powers have been altered, the latter producing a new steady-state heat rise (see Fig-
ure 5.12) and therefore an altered thermo-acoustic response. However, despite the red
and blue measurements taking place on separate days (yet experimental parameters
unchanged), and therefore slight deviations in ¢, the magnitude of the error remains
reproducible.

Understanding the sources of error within the phonon probe system is crucial for its
future application, especially when being used in a profilometric-capacity, as demon-
strated by the 3D imaging capabilities presented in this chapter. Compared with tradi-
tional stylus and optical profilometry techniques, there are clear advantages and dis-
advantages to using the phonon probe for this purpose. This motivates a discussion of
the resolution of the phonon probe; the following section will discuss this in the context
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of 3D imaging/profilometry, and highlight ways in which it can be improved in the future.

6.4.2 Resolution

The lateral resolution of the phonon probe is dictated by the mode field diameter
(MFD) of the optical fibre, which is a function of the core diameter, wavelength, and
core:cladding refractive indices. This is akin to the point spread function (PSF) with a
traditional lens; the spatial intensity distribution that is emitted from the core will de-
termine the minimum resolvable separation between two objects. For the 780HP type
single mode fibre used in this study, this lateral resolution is rpsr ~ MFD/2 ~ 2.5 um.
However, due to the fact that the pump and probe beams are diverging away from the
fibre-tip, the lateral resolution of the phonon probe will be a function of axial distance,
resF(z). The axial dependence of the lateral resolution will then be a function of the
fibre NA, similar to the resolving power of a lens:

z- NA)2

n-wp

rpsE = woy |1+ ( (6.7)
where wy is the beam waist radius (MFD/2) and n the refractive index of the medium
[224]. Figure 6.24a shows this axially-varying resolution in water using the phonon
probe; the change in lateral resolution is negligible over the axial distances covered by
this study (z < 10 um) showing a divergence of only ~ 100 nm. This is due to the low
NA of the 780HP fibre, NA= 0.13, and thus a slow beam divergence.

For the case of axial resolution, there are two scenarios to consider: (1) a priori
knowledge that there is only one (axial) boundary within each measurement volume,
and (2) no a priori knowledge regarding the number of boundaries within the measure-
ment volume. The former is most relevant to the 3D profilometry presented in this study,
since the surface of an object is the imaging target. In this case, it is less relevant to
discuss resolution as there is only one object; instead, it is more pertinent to discuss
the precision with which a boundary can be located, which will primarily be a function
of the SNR of the original time-domain signal.

In Figure 6.24b, a proximity measurement between the phonon probe and a petri
dish was repeated 100 times (with 10k averages per count). The N=100 data-set was
partitioned into averaged bins, each with population 10 (counts). For example, the
lowest average measurement consisted of 10 individual proximity measurements (10k
averages for each measurement); the highest average measurement consisted of 10
proximity measurements, each of which was the average of 10 counts (100k averages
per measurement). The standard deviation of the average proximity measurement in
each bin, o, decreases (increasing precision) as the number of averages increases
(see Figure 6.24b). Conversely, as the bandwidth of the wavelet is increased, i.e. in-
creasing the number of cycles in the mother wavelet, the precision decreases. This
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can be explained by the inherent trade off between precision in frequency and time
when using continuous wavelet transform. As the number of cycles N, in the wavelet
increases the precision with which frequency can be measured increases. However,
this comes at the cost of being able to measure a discrete event in time with greater
uncertainty. The imaging experiments presented in this paper were performed utilis-
ing a wavelet width of approximately Ny = 6 and 15,000 oscilloscope averages which
results in a height measurement uncertainty of o, = 55 nm. Similar to characterising
frequency, as the width of the wavelet increases, so too does the precision with which
TRBS amplitude can be measured (at a single frequency) as shown in Figure 6.24c.
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Figure 6.24: Characterisations of the resolution and precision of the phonon probe. (a)
Lateral resolution is dictated by the mode field diameter of the fibre which decreases
as the probe beam diverges away from the fibre-core (VA = 0.13). (b) The standard
deviation (o) of 10 separate proximity measurements as a function of signal averaging
and wavelet width (N,). As the wavelet is widened, it more precisely samples the
frequency of an oscillation, and conversely samples the timing of the oscillation with
less precision. Markers indicate the measured values of o, and the lines represent
polynomial fits. (c) Standard deviation of the wavelet amplitude (C,,") as a function
of signal averaging and wavelet width. Widening the wavelet results results in a more
precise sampling of the amplitude of an oscillation, as does increasing the SNR of the
oscillation through signal averaging. (d) When the phonon probe is used to map the
in-depth change in Brillouin frequency - e.g. as an imaging contrast mechanism - the
axial resolution (temporal resolution) will worsen as the wavelet widens.
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In this instance the effect of signal averaging increases the SNR of the TRBS signal
amplitude and therefore enables less uncertainty in oc.

For the future case where the phonon probe uses the instantaneous Brillouin fre-
quency as an imaging contrast mechanism in the axial direction, a different criterion for
axial resolution with apply. In this scenario there will no longer be a priori information
regarding the number of objects or boundaries within the TRBS signal time-of-flight,
and resolution will depend on the acoustic wavelength and the effective PSF of the
wavelet. The relationship between axial resolution, acoustic wavelength, and wavelet
width has been empirically determined [168], with the minimum resolvable spacing be-

tween objects defined as
NA)\a _ NA)\probe

Zmin = 2 4n

(6.8)

As N, increases, so too does the resolution with which frequency (fg) can be char-
acterised; i.e. the true frequency of an oscillation is more heavily sampled when the
wavelet contains additional cycles. Again, this comes at the cost of lower axial reso-
lution due to greater uncertainty in the time-domain; a wavelet that occupies a greater
expanse in time will be unable to resolve fast changes in frequency and therefore has
lower temporal resolution. This is analogous to lateral resolution: a larger PSF will
overlap two nearby objects leaving them unresolved.

In any case, the phonon probe holds great potential for the 3D imaging of elasticity,
e.g. in biological cells. Using the X, = Ar06e/2n phonons with wavelets on the order
of Ny ~ 2 — 6 will allow sub-surface (photoelastic) features to be detected with axial
resolutions on the order of z,;, ~ 0.3 — 1 um. Compared with optical microscopy
this would require objective lenses with NA ~ 1 — 1.7+. However, an optical system
with a numerical aperture equivalent to that of the phonon probe (VA = 0.13) would
possess an axial resolution on the order of z,,;, = 70 um, showing that the phonon
probe is two orders of magnitude higher resolution. Additionally, compared with the
highest resolution endomicroscopes (Table 1.1) and photoacoustic endoscopes (Table
1.2), the phonon probe as configured achieves 1-2 orders of magnitude improvement
in axial resolution, respectively.

Compared with the gold standard of profilometry, AFM, the phonon probe is rela-
tively low resolution (see Table 6.1). However, the phonon probe offers the following
unique benefits:

e non-contact operation (except for contact with the couplant)

¢ native bio-compatibly since it uses low energy light and the effects of heating can
be mitigated by thermally insulating transducer layers or increasing the stand-off
distance between the specimen and the fibre tip

e sub-surface information can be extracted by the phonon probe (for semi-transparent
and transparent samples)
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e dynamic range on the order of ~ 6 um (for fixed z-position) with potential to
approach ~ 100 pm by varying the height of the fibre. Unlike AFM this does not
depend on the cantilever, but exclusively on the piezo-stage (and to some degree
the fibre outer diameter). The AFM-instrument available at the time of writing
required a cantilever which was incapable of sampling the entire height of the
phantoms presented in this study.

As constructed, the phonon probe is not equipped to match the resolution of AFM,
but instead provides a supplementary set of capabilities. These benefits offer unique
potential for biological specimens - which are historically non-trivial for AFM instruments
[225] - while still providing cellular and sub-cellular resolutions.

In a similar vein, the optical profiler used in this study to corroborate the PS-phantom
topography provides high resolution capabilities utilising white light interferometry and
high-NA objective lenses. Two key properties of optical profiling, are that (1) no lateral
scanning is required and the entire field of view can be acquired in one exposure, and
(2) the dynamic range is only limited by the z-range of the piezo-stage; also, similar to
the phonon probe it is non-contact and both compare favourably in terms of the axial
resolution. However, the optical quality of the sample is critical for optical profilometry.
Using the PS-phantoms as an example, the sub-surface defects in the objects result in
a heterogeneous refractive index distribution (which is why the defects can be observed
visually). For the interferometric optical profiler, this implicates that light scattered from
the same z-slice will undergo inhomogeneous phase shifts and will distort the interfero-
gram used to measure topography [226, 227]. These artefacts are clearly visible in the
height maps of figures 6.15-6.16 and disrupt the overall accuracy of the measurement,
yet do not affect the phonon probe measurements. Metallic films can be coated onto
such samples in order to homogenise the reflectivity, however, this alters the natural
state of the sample and would not be compatible with biological organisms.

Ultimately the phonon probe is strongly positioned as a future 3D imaging tool due

Profilometer characteristics
. . . optical access
. lateral axial acquisition | dynamic . .
Technique . . . uniformity sub-
resolution | resolution time range .
required? | surface?
AFM* ~ nm < nm ~ hour ~ um no no
Optical < um < um minute cm es es’
profiler’ H H y y
Phonon m 100 nm hour 6 um® no es®
probe # # y

Table 6.1: *Specifications for Bruker Dimension FastScan. Specifications for KLA
Zeta-20. Acquisition times were user-recorded, and are relative to the field of view
and phantom heights relevant to this study, FOV ~ 100 um x 100 um and h < 10 um
respectively. °Object must be optically uniform. °*Given a fixed z-position; z-position
can be varied up to ~ 100 wm. ¥ Object must be partially transparent and photoelastic.
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to the endoscopic nature of the system, a quality that is unique compared with pro-
filometers. However, in the context of imaging with a single optical fibre, the phonon
probe excels with both contrast and axial resolution provided by acoustics. Lateral res-
olution and acquisition speed are key areas of improvement for the device in order for
it to be adopted within industry and the wider-research landscape. One potential way
to achieve high lateral resolution would be to fabricate an acoustic micro-lens onto the
tip of the fibre, Section 7 will introduce this and other strategies for optimisation.

6.4.3 Conclusions

After achieving proof of concept that the phonon probe can be used as a high reso-
lution Brillouin spectrometer (Chapter 5), it was posited that the acoustic time-of-flight
capabilities of the device could be used for 3D imaging. This chapter has showed that
this is indeed possible. By controlling the position of the phonon probe (with respect
to the sample) with micrometre precision in the x and y directions, and with nanome-
tre precision in the z-direction, the phonon probe can be positioned close enough to a
microscopic object to pre-empt the effects of acoustic attenuation. A signal-processing
strategy was developed and utilised to observe when G Hz acoustic waves either scatter
from or transmit into a microscopic object, such as PS-phantoms. This system was ex-
trapolated into a full 3D scanning imaging technique, and resulted in the first images of
cell-sized objects using a single optical fibre. Furthermore, the phonon probe achieves
this milestone without traditional microscopy equipment, such as high magnification
objectives lenses and nanometre-tipped needles.

The lateral resolution of the phonon probe, rpsr ~ 2.5 um, is determined by the
properties of the optical fibre itself; however the axially resolving characteristics of
the device are greatly improved compared with pre-existing optical and acoustic en-
doscopes, especially given the low numerical aperture (VA = 0.13). It has been shown
that a boundary can be localised with a precision on the order o, ~ 55 nm, which
scales with averaging the TRBS signal. A close agreement in total height measured by
optical profilometry and the phonon probe was demonstrated (Figure 6.17). However,
this accuracy is dependent on whether or not the phonon probe is able to image the
entire height of an object, otherwise only a relative measurement is possible to provide
height-contrast. It can also be affected by: (1) mismatches in lateral resolution between
techniques as fast-varying height features can be unresolved by the phonon probe, and
(2) thermal errors on the position calculation; the contribution from the latter has been
discussed and was estimated to produce an accuracy of €, ~ 30 nm compared with
optical profiling, when the full height of an object can be reconstructed.

Aside from profilometry, proof of concept was also achieved for using the phonon
probe to the map elasticity of microscopic objects (Figure 6.18). Using the device in this
capacity is highly dependent on maintaining spatial overlap between phonons and pho-
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tons; for PS-phantoms this relationship is only preserved when the surface is relatively
flat (6; < 10°). There exists great potential for using the phonon probe to map cellular
elasticity due to the low mismatch in both optical and acoustic properties (compared
with water). This and other future applications, developments, and implications of the
phonon probe device will be covered in the following two chapters.
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Chapter 7

Future work

This chapter will present some of the areas of future development for the phonon probe.
There are no shortage of possibilities for developing a high frequency acoustic endo-
scopic device. Two in particular which will not be discussed at length here, but deserve
mentioning are: moving beyond traditional pump-probe pulse trains in order to increase
acquisition speed, and moving beyond Brillouin scattering as a detection mechanism.
The latter holds promise in the following way: if an arbitrary cavity can be constructed
that mechanically resonates at frequency f, the acoustic penetration depth of the sys-
tem will be proportional to f—2. By ensuring that this cavity resonance is sub-GHz, the
acoustic field will be capable of travelling in the range of 102 wm therefore increasing the
working distance. This will require an inline detection cavity whose optical resonance
is sensitive to the mechanical vibrations (e.g. when the generated sound echoes from
an object and returns back to the detection cavity). In the interest of brevity, the key
themes that will be addressed in this chapter will pertain to the time-resolved Brillouin
scattering mechanism of the phonon probe; this chapter will outline strategies, and
even proof of concept, for how to expand the following characteristics of the device:
field of view, SNR, penetration depth, and lateral resolution.

7.1 Phonon imaging bundle

The phonon probe is a single-fibre, single-pixel device. It only achieves spatial reso-
lution by scanning the fibre tip in the x/y plane (and z using the time-of-flight and the
piezo-stage). A natural evolution of this device is to group together many individual
fibre transducers to create a multi-pixel phonon imaging system. Then, the scanning
mechanism of the device can in part be transferred from the distal end (side of the fibre
containing the transducer where the measurement is made) to the proximal end (side
of the fibre containing the light source), by way of scanning the pump-probe beam spots
across and into each individual fibre core. When bundling multiple fibres together to
create a pixel array, the lateral resolution of the tool will be dictated by the pixel spac-
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ing, i.e. the distance between fibre cores; if a group of 780HP single-mode fibres (used
throughout this study) were bundled together, the resolution would be given by the outer
cladding diameter of a 125 um.

To avoid such low resolution, the industry standard is to create a bundle of cores
all sharing a common cladding, and is commonly referred to as an imaging bundle or
a fibre bundle. In this way the 125 um distance between cores can be reduced to an
arbitrarily small distance allowing bundling of up to ~ 100,000 cores. Consider light
propagating down a single channel of such an imaging bundle. As the cladding space
between cores shrinks, the non-guided cladding modes will begin to increasingly couple
into neighbouring cores and therefore be converted into guided modes [228] (e.g. when
neighbouring core is within the radial distance shown in Figure 3.2). To counteract this
the contrast between the refractive index of the core and cladding is increased. As
seen in Equation 3.4, the numerical aperture of any given core is dependent on the
refractive index contrast; therefore, in order to prevent cladding leakage the core NA
must increase. In addition to the refractive index contrast, the increase in NA has the
effect of rendering the core multi-modal as dictated by the changes in the acceptance
cone and critical angle.

In order to investigate the compatibility between the phonon probe system and an
imaging bundle, a Schott Leached Fiber Bundle was used (Figure 7.1a); this product is
a coherent fibre bundle, meaning that there is a one-to-one spatial mapping between
pixels on the proximal and distal ends. The product contains the following specifi-
cations: 1.65 x 1350 mm (diameter and length respectively), 11.6 um core diameter,
18,000 cores, core NA = 0.393, and the transmission spectrum seen in Figure 7.1Db.
With these parameters, and a probe wavelength of \,.ope = 780 nm, the approximate
number of modes supported by a core in the bundle is V?/2 ~ 168 (Equation 3.10).

The experimental set-up was adapted in order to vary the spatial position of the
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Figure 7.1: (a) Photograph of the distal end of a coherent imaging bundle similar to
the one used in this study, containing 18,000 cores surrounded by a common cladding.
(b) Transmission spectrum for the imaging bundle in (a) showing > 20% transmission
across the NUV-NIR wavelength range.
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pump and probe spots, such that each core can be excited individually. This was
accomplished by fixing the proximal end of the bundle to high resolution x/y stages
(proximal facet facing the normal of stage) and within the focal plane of a microscope
objective lens, as presented in Figure 7.2a-b. Both the pump and probe wavelengths
were set to A = 780 nm, however, both beams are effectively pump and probe (will
discuss below). The pump and probe spots are focused into a single core, as monitored
with a CCD. Then at the distal end, the familiar process of optical absorption, ultrasonic
generation, and Brillouin scattering takes place, followed by the back-scattered beams
re-coupling into the bundle and eventually the preceding free-space system, before
being directed onto a photodiode with a 50/50 beamsplitter (see Figure 7.2a-c). An
additional detector was arranged along the optical axis of the distal bundle-tip to allow

(a) objective
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fibre P\_

bundle xly
<>stage
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water
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(c)

proximal end

Figure 7.2: (a) Modified phonon probe system for the imaging bundle; instead of using
FiberPorts to couple from free-space to fibre, an objective lens is used to focus the NIR
pump-probe beams into a single core of the fibre. (b) Each core can be sequentially
iluminated by scanning the position of the proximal end-face using high resolution x/y
stages. (c) On the distal end of the bundle, 15 — 20 nm of gold has been deposited
to create 18,000 transducers. TRBS signals for this configuration are detectable in
transmission and reflection beam paths.
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allow detection of the transmitted Brillouin scattered light.

Initially the distal facet of the imaging bundle was sputter-coated with 15 — 20 nm
for thermo-elastic generation of ultrasound. Following this, the distal end of the bundle
was immersed in water, the pump and probe beams were directed into a single core,
and 500k averages of the TRBS signal was attained (Figure 7.3). This core in the
bundle was capable of facilitating a spectroscopic measurement in water of fg = 5.28 +
0.03 GHz, which is expected for this wavelength and medium. Following this proof of
concept that TRBS can be performed in a multi-mode imaging bundle, the pump and
probe beams were simultaneously scanned over an 80 um x 80 um area in steps of
2 um. The oscilloscope was set to record 20,000 averages at each position in the
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Figure 7.3: (a) Raw unprocessed signal from a single core of the imaging bundle trans-
ducer immersed in water. (inset) The coincidence peak appears to show multiple spikes
which could correlate with parasitic coincidence peaks carried by higher order modes
that are time-delayed from the fundamental mode. (b) Processed modulation depth of
the signal in (a) (portion of the signal travelling from t = 4 — 6 ns). (c) FFT of the mod-
ulation depth which produces a spectroscopic measurement of fg = 5.28 +0.03 GHz.
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scan which took 4 hours to complete. Figures 7.4a-b show the maximum modulation
depth amplitude maps for the transmission (a) and reflection (b) TRBS signals. The
time-resolved signal at each pixel was processed in the same way described in Section
4.2.1, resulting in the Brillouin frequency maps found in figures 7.4c-d.

The blue-coloured space in between cores represents the pump-probe spots im-
pinging the cladding and this dead-space significantly lengthens the time of the experi-
ment. In order to avoid unnecessary scan-time the following protocol was established:
(1) perform an area scan across the desired field of view while only acquiring the DC
intensity at each pixel (Figure 7.5a); (2) from (a) locate the centroid and approximate
diameter of each core (Figure 7.5b); (3) perform an area scan in which the pump-probe
beams are only directed to the x/y positions of each centroid in (b). In addition, the
DC map in Figure 7.5a provides an opportunity to empirically determine the mode field
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Figure 7.4: (a-b) Maximum amplitude of the modulation depth at each pixel for the trans-
mission and reflection paths, respectively. The variation in coupling efficiency across
cores is apparent as some cores may be damaged. The difference in maximum am-
plitude between transmission and reflection signals can be explained by the additional
optical attenuation that occurs for the round trip through the bundle in the reflection
path. (c-d) Brillouin frequency maps attained from the signals at each pixel in (a-b),
which demonstrate that a stationary bundle can be used to acquire spatially resolved
elastic information. Time duration of the scan is 4 hours and scale bars are 10 um.
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Figure 7.5: Process chain for a new scanning protocol in which pump/probe beams hop
from core to core when neighbouring cores are in arbitrary directions. (a) Area scan of
the field of view shown in Figure 7.4 where only the DC optical intensity is acquired at
each scan-position. (b) The centroid of each high intensity core is calculated in addition
to the approximate core-diameter. (c) A new set of scan coordinates, for a future AC/DC
scan are established from the centroid positions acquired in (b). (d) Intensity profile for
a single core in (a) revealing an effective spot size of 6.8 um. Scale bars are 10 um.

diameter and core-core spacing of the imaging bundle. Figure 7.5d shows the optical
intensity distribution of a cross-section of a single core and reveals a full-width half-
maximum of FWHM = 6.8 um and a core-core distance of ~ 11.3 um.

The above procedure was carried out in the same field of view as Figure 7.4 re-
ducing the acquisition time from 4 hours to 4 minutes, however, with ~ 11.3 um lateral
resolution. The core-calibration scan (which preceded this 4 minute scan) took ap-
proximately 20 minutes, yet only needs to be performed once provided that the bundle
remains fixed in its position for subsequent scans. Figure 7.6 presents the signal am-
plitude and frequency maps attained with the new scan-technique. It is worth noting
that there are fluctuations in DC-level and SNR across some cores, which is observ-
able in both experiments (figures 7.4-7.5), and is a likely cause for the slight frequency
variations found in Figure 7.6¢c-d. This could be due to damaged cores, imperfections
in the cores, a thickness gradient from the gold layer, or mismatches between the scan
location and actual core-location (spatially and angularly).

In the raw unprocessed signal in Figure 7.3, it is apparent that there exists both
a forward (travelling from t = 4 — 6 ns) and backward propagating (travelling from
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Figure 7.6: The combined pump-probe spot is now scanned directly from core to core,
thus avoiding the dwell-time in the cladding space. Compared with the rectilinear scan
performed in Figure 7.4 which took 4 hours, this new protocol only requires 4 min-
utes, since the spots can scan from any arbitrary point to another (e.g. core to core).
(a-b) Modulation depth amplitude map for the transmitted and reflected probe signals
respectively. (c-d) Corresponding Brillouin frequency maps for the core-signals associ-
ated with the amplitudes in (a-b). Scale bars 10 um.

t =4 — 2 ns) ~ 5 GHz wave. This can be explained by considering that a portion of
each beam is being absorbed by the transducer (acting as the pump), and each beam is
participating in Brillouin scattering and terminates at the detector (acting as the probe).
The caveat is that one “probe” samples the acoustic wave moving forward in time, and
the other samples it moving backward in time. This phenomenon is inherent to the
pump-probe technique, yet the influence of one beam (e.g. the pump) is often filtered
from the detector (e.g. which is placed in the probe path) through dichroic filters used
to initially combine the beams into a common path. Since the experiments presented
here have equivalent pump and probe wavelengths, and a 50/50 beamsplitter is used to
combine the beams, the effect is registered by the detector. If each counter-propagating
signal can be extracted, the sum of the aligned signals will increase the signal strength
according to the relative weighting of the beam powers. Figure 7.7 shows this signal
folding and alignment process: (1) the signal from each side of the coincidence peak is
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selected (a), (2) crop one signal to align the phases (optional, not pictured), and (3) sum
the two aligned oscillations (c). Comparing the maximum amplitudes at the Brillouin
frequency for the pre-summed and summed signals (figures 7.7b and d respectively),
this process results in a doubling in signal amplitude (double since the pump and probe
optical powers are equal).

This proof of concept experiment was performed with a microscope objective of nu-
merical aperture NA=0.45. Despite using a lens with comparable NA to that of each
core, and thus exciting undesirable higher order modes, the multi-mode bundle proved
compatible with the TRBS detection scheme. As mode order increases in the waveg-
uide, so too does the effect of inter-modal dispersion. In other words, since each mode
within the core roughly corresponds to an infinitesimal angle within the acceptance
cone, the high angle higher order modes travelling longer path lengths and thus dis-
perse in time with respect to the fundamental mode. For the imaging bundle used in
this study, the original 100 fs pulse is dispersed into a train of higher order mode pulses
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Figure 7.7: (a) Beginning with a TRBS signal from a single core in Figure 7.6a, which
is similar in form to that in Figure 7.3a, the Brillouin oscillations travelling in the for-
ward and reverse time directions can both be extracted and summed to increase signal
amplitude. (b) FFT of each signal with both providing a frequency measurement of
fg = 5.2 GHz and containing an amplitude of ~ 7.5 x 107%. The two signals can be
aligned in phase by iteratively cropping one with respect to the other (not shown) and
then summed resulting in a new signal (c). (d) The FFT of the new signal reveals a
frequency peak at fg = 5.2 GHz with an amplitude ~ 1.5 x 1075,
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which have spread in time by [15, 229]

L —
Ar = = lcore — Telad g0 ps (7.1)
c 2ncore

The result is that each sub-pulse now acts as a pump and probe in their own regard
which reduces the energy carried by the signal in the fundamental (non-dispersed)
mode. However, the acoustic wave encoded by each sub-pulse will contain a random
phase (compared with the stationary phase of the fundamental) as the path length of
that mode changes, e.g. by bending the fibre. This has the consequence of raising
the noise floor of the technique, and is potentially witnessed in the form of multiple
coincidence peaks in Figure 7.3a; however, more investigation is required to confirm
that such modes are unambiguously detectable in the TRBS signals. The effect of
attenuation through the fibre will also reduce the effects of inter-modal dispersion in
addition to the signal decay. Again, for the length of fibre utilised in this study, the total
attenuation is approximately 0.2 dB according to the specifications and therefore can
be neglected. The reduction in detection bandwidth due to material dispersion is not
readily available for this product, however, it is likely not limiting the signal band that is
of interest (f < 50 GHz).

In any case, the fact that the imaging bundle is capable of producing well behaving
TRBS signals is a sign that the negative effects described above are relatively insub-
stantial in the current configuration of the experiment. There are a number of ways in
which this fibre bundle probe can be optimised:

1. utilising a lower NA objective lens (compared with the NA of a core) could reduce
the effects of intermodal dispersion, however likely at the cost of lower coupling
efficiency due to mode mismatch.

2. the 50/50 beamsplitter used to divert the signal light from the incident light could
be replaced with a fibre optic circulator to avoid a loss of 3 dB.

3. higher lateral resolution can be achieved by using an imaging bundle with both
smaller core diameters and lower core-to-core separation.

It is worth noting that #3 (above) is an imperfect way to increase resolution, since
both reduced core sizes and separations will increase the cross-talk between chan-
nels. Cross-talk occurs when the mode field (for a single core) spatially overlaps with a
neighbouring core(s), resulting in power-transfer between cores, leading to decreased
resolution, contrast, SNR, and spatial accuracy [228, 230]. Possible ways of mitigating
these effects (without decreasing resolution) include: reducing the mode order (e.g. us-
ing lower NA illumination) [231, 232], using shorter wavelengths [228], or, interestingly,
fabricating bundles with nonuniform core diameters [228]. With respect to the latter, it
has been shown through simulation and experiment that standard commercial bundle
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products contain 7 — 15% variation in core diameter when fabricating small core sizes
(e.g.- ~ 2 um). This has the effect of reducing the inter-core coupling efficiency and
therefore can suppress cross-talk and increase pixel accuracy [228].

Achieving microscopic resolution using the single-fibre phonon probe is heavily de-
pendent on the ability to control and articulate the x, y, and z position of the fibre-tip
with sub-micron precision. This does not affect its potential for in vivo spectroscopy or
ex vivo imaging, but is a major hurdle for its application to cellular imaging in an in vivo
environment (until endoscopic mechanical technology is sufficiently developed). The
imaging bundle greatly alleviates this complication by only mandating that the distal
end be controlled in z and held steady in x/y, which is also a requirement for state
of the art commercial endocytoscopy [17]. Therefore, the phonon imaging bundle has
great potential for contact tissue imaging and spectroscopy with resolution set by the
core-core spacing. Future work will focus on developing the bundle - according to the
ways listed above and also in a manufacturing capacity - and testing its compatibility
with biological tissue, with the future aim to inspect elasticity of diseased tissue.

7.2 Fabry-Pérot transducer

In Chapter 3, a single metallic layer transducer was proposed to achieve proof of con-
cept for the phonon probe system. A range of metals and thicknesses were simu-
lated from the perspective of TRBS signal strength and damage threshold (from op-
tical absorption-based heating), in order to identify a relatively optimum design of Au
= 15 nm. This design facilitated ease-of-fabrication as it only required the calibration of
a single highly-sputterable material. However, replacing the single-layer with an optical
cavity (see Figure 2.8 in Chapter 2), i.e. a Fabry-Pérot cavity, provides an opportunity
to increase both the absorbance (pump) and transmittance (probe) as radiation res-
onates within the cavity (higher quality factor); ultimately this correlates with increased
thermo-elastic generation and Brillouin scattering interaction strength (see Equation
2.77). Generally speaking, when the length of the cavity is an integer multiple of the
optical wavelength, constructive interference between round trips permits a strong op-
tical resonance and therefore a maximum in transmission [16].

The PLU-model (Section 2.2.2) was used to simulate the output reflection modu-
lation depth (TRBS signal strength) over a range of cavity dimensions. The following
parameters were designated for the simulation: pump and probe wavelengths were
both fixed at A = 780 nm to reduce the number of free-variables in the simulation, and
an architecture of glass/gold/ITO/gold/water was used due to ease of fabrication with
these materials (gold and ITO) and precedent for performance [166, 173]. The mirror
dimensions of the cavity were iterated from 5 to 30 nm, and the cavity layer dimension
was varied from 100 to 200 nm. In order to quantify the TRBS signal strength at each
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transducer dimension, the simulated reflected modulation depth signal (Figure 7.8c)
was extracted (T RBS), Fourier transformed, and the maximum amplitude at 7g(H20)
was recorded (Argrss).

Figure 7.8a presents the result of this simulation and points towards Au/ITO/Au
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Figure 7.8: (a) Simulation of the TRBS signal strength (Arrss) in water at fg =~ 5 GHz,
for a Fabry-Pérot cavity design, as a function of mirror layer thickness (gold) and cavity
length (ITO), and with Apump = Aprobe = 780 nm. An optimum cavity dimensions of
Au/ITO/Au = 11/153/11 nm (red plus sign) was identified with regard to this metric.
However, the total reflectance of the cavity must also be considered as this dictates
the SNR of the final signal. Since the SNR scales with ~ /I,;ope (Equation 2.78),
the signal amplitude Arrgs should be scaled by the total cavity reflectance Rq (+/Ro)
which is shown in (b). Now a different cavity dimension appears optimum Au/ITO/Au
= 22/169/22 nm (red cross) due to the higher reflectance of this position compared
with the previous dimension (red plus sign) which occurs at a reflectance minimum
(i.e. transmittance maximum, dark band in middle). (c) The TRBS signals from these
two cavity dimensions are plotted and scaled by the SNR for each cavity and increase
signal amplitude by a factor of 5 compared with the performance of the single gold layer
transducer.
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= 11/153/11 nm (red plus sign) as the optimal dimensions given these optical wave-
lengths and materials. However, since the SNR of the final TRBS signal (see Equa-
tion 2.78) will also be a function of the probe light intensity that has been directly
reflected by the transducer (and not just Brillouin scattered with the sample), the to-
tal reflectance (Ry) of the structures must also be considered. Similar to Figure 3.8d
where SNR ~ /Ry was used to scale the TRBS signal amplitude, Figure 7.8b reveals
the TRBS - SNR performance over the range of possible cavity dimensions. Here it
is evident that the optimum design, Au/ITO/Au = 22/169/22 nm (red cross), is now de-
viated from the previous band of high TRBS signal amplitude in Figure 7.8a (see red
cross in Figure 7.8a). This central bright band (in Figure 7.8a) has now turned dark in
Figure 7.8a since these are the dimensions producing maximum optical transmission,
and therefore minimum reflectance (relative minimum SNR).

In Figure 7.8c the TRBS signals from the marked regions in Figure 7.8a are plotted
and scaled by the SNR of the cavity. For comparison the TRBS - SNR performance of
single Au = 15 nm layer transducer used throughout this study was also simulated. Us-
ing the comparison between Au = 15 nm and Au/ITO/Au = 22/169/22 nm as an example,
the total absorbance increases from 9% to 40%, and the transmittance increases from
38% to 47%. Overall the Fabry-Pérot cavities demonstrate an improvement in signal
strength by a factor of 5 compared with the single gold layer. Ultimately this factor of 5
improvement can be leveraged for increasing SNR which can be utilised for increasing
the precision either for resolving small frequency shifts in spectroscopy, or for measur-
ing the axial position of objects in imaging. Alternatively, the improvement in SNR can
be used to increase acquisition speed per-mW of input optical power, and therefore
increase the practicality of the phonon probe system. The process outlined above, can
also be repeated for other optimum transducer materials, such as copper and silver
(discussed in Chapter 3.2), and also different pump-probe wavelength combinations in
order to press further the signal efficiency of the transducers. As with the signal gold
layer proof of concept presented in Chapter 5.2.2, the thermal performance of these
cavities will also require close investigation and simulation, especially for the context of
future imaging applications.

7.3 IR Brillouin scattering

In Brillouin scattering, if the wavelength of scattering light is varied, so too is the sam-
pled acoustic wavelength: X,c ~ X,rope. This the analogue to the scenario of a Bragg
grating undergoing a shift in its grating period, e.g. under the influence of stress, there-

fore preferentially scattering a different optical wavelength. In this way, the user has a

-1

probes 10 detect in a

degree of freedom in selecting the desired acoustic mode, fg ~ A
given material (with unchanging parameters such as temperature, salinity, etc.). One of
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the central frequency-dependent properties in acoustics is the attenuation of the acous-
tic field, which in water is proportional to o ~ 2 [201]. The reciprocal of this statement
then describes the penetration depth, or working distance (zp), of the acoustic field,
i.e. zwp ~ F2.

This study has demonstrated that a working distance on the order of zywp ~ 6 um
is sufficient to perform 3D imaging and elastography of microscopic objects. However,
the future utility of the phonon probe will be subject to relaxing the requirement that the
tip of the device be brought infinitesimally close to the imaging target. Therefore, it is
proposed that the working distance of the phonon probe can be increased by using a
longer wavelength probe beam. For example, if the probe wavelength was doubled from
Aprobe = 180 nm 10 Aprope = 1550 nm, thereby halving the detected acoustic frequency
from fg =~ 5 GHz to fg ~ 2.5 GHz, the working distance of the device will increase
by a factor of 4. An additional consideration is the optical attenuation that occurs, e.g.
optical absorption, as the optical wavelength increases in water [233]. Figure 7.9a
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Figure 7.9: (a) TRBS signals simply approximated as decaying sinusoids, with fre-
quency fg = 2nv/Aprope @and decay rate o = agpticai®acoustic, as functions of the optical
probe wavelength. Optical attenuation is a function of the extinction coefficient (disper-
sive) in the medium, and acoustic attenuation is a proportional to 3. As wavelength
lengthens the penetration depth increases, as confirmed by the 1/e distances for the
signals: 2 um, 4 um, and 9 um for A = 800 nm, 1064 nm, and 1550 nm respectively. (b)
When changing the probe wavelength one must consider the change in the Brillouin
scattering cross-section, which is proportional to A=#*. This factor was used to scale the
amplitude of the signals in (a) revealing that more power will be required to benefit from
greater working distances.
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shows a simplified model of the TRBS signal using a decaying sinusoid - considering
both acoustic and optical attenuation - as a function of probe wavelength in a water
medium, and with maximum amplitude normalised to 1. As an approximate measure
of the working distance, the 1/e distances were calculated: 2 um, 4 um, and 9 um for
wavelengths of 800 nm, 1064 nm, and 1550 nm respectively, revealing the additional
penetration depth attained with longer wavelengths.

A potential caveat for this strategy is that the Brillouin scattering cross-section de-

—4

creases proportional to the fourth power of the optical wavelength, i.e. og ~ X, ..

[149, 234]. In other words, the same phenomenon which preferentially scatters NUV
light rendering the sky blue, will adversely effect the TRBS interaction as the optical
probe wavelength lengthens. Figure 7.9b demonstrates the scaling of the simplified
TRBS signal amplitude as a function of this wavelength factor. The effect can be com-
pensated by increasing optical power, however, this will result in additional heating.
Furthermore, the axial resolution of the phonon probe would decrease, e.g. by a factor
of 2 between A,,ope = 780 nm and 1550 nm. Therefore, it appears that a trade-off exists
between working distance and signal amplitude (and axial resolution). This reality is
not typically discussed in the context of coherent Brillouin scattering, since these tech-
niques actively pump the sample with strain pulses. As the strength of the strain waves
increases, so too does the photoelastic modulation in refractive index of the medium
[161, 163], a quantity which increases the scattering cross-section [234]. Nonetheless,
the prevalence of this effect within the field of TRBS is difficult to encapsulate - despite
the widespread use of both NUV and NIR probe wavelengths - since not everyone
reports signal amplitude in terms of the normalised quantity, modulation depth.

In the context of coherent Brillouin scattering techniques, this study is the first to de-
couple the direct physical contact between the transducer and the target object. How-
ever, when operating within the NUV-NIR probe spectrum, all such techniques will be
fundamentally limited to a working distance on the order of 10 um. This is the cost of
achieving both optical resolution and high scattering efficiency. There is potential for
sacrificing axial resolution in order to achieve more practical penetration depths, e.g.
by designing mechanical cavities which resonate in the > 100 MHz frequency range.
Such cavities would require a non-Brillouin detection mechanism, for example using the
optical sensitivity of a separate cavity to measure pulse-echo events within the sample
medium. However, more investigation is required to identify and optimise materials and
cavity dimensions which stably resonate in this frequency band.

7.4 Super-resolution acoustic lens

Currently, the phonon probe is primarily limited in lateral resolution by the mode field
diameter of the optical fibre. Furthermore, the resolving capabilities of the device are
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dependent on controlling the x/y position of the fibre tip with micrometre resolution.
Increasing the lateral resolution of the phonon probe would allow its performance to
match that of high magnification microscope lenses and imaging systems. In the field
of optical fibre-based imaging there are numerous pathways towards increasing the
native resolution of an optical fibre, such as 3D-printed micro-lenses [34], novel high
NA fibres [235], and even computational super-resolution methodology [36]. However,
aside from the latter, pathways to higher optical resolution are limited by diffraction. If
a similar route to high (optical) resolution was considered for the phonon probe, the
depth of focus for the probe beam must remain on the order of the acoustic penetration
depth, otherwise there will be insufficient photon-phonon scattering for detection.

The phonon probe achieves super-optical axial resolution as a result of the acoustic
wavelength being a factor 1/2n shorter than the optical probe wavelength. In theory
this same principle can be used to create an acoustic spot, whose lateral dimension is
sub-optical by the same factor, given an equivalent numerical aperture between acous-
tics and optics. Widespread proof of concept on this idea has already been achieved
within the greater landscape of acoustics - serving as the basis for scanning acoustic
microscopy [82] - and generally involves a concave surface from which acoustic waves
refract towards a focus. More recently, this concept of concave acoustic lenses has
been revitalised in the more practically viable field of laser ultrasound. A planar trans-
ducer containing a nano-indented lens has proven capable of r ~ 100 nm resolution
which was achieved using picosecond laser ultrasound, 10 GHz phonons, and pulse-
echo detection [236]. Furthermore, the curved outer diameter of a tapered optical fibre
was transformed into a concave acoustic lens which was capable of focusing 44 GHz
acoustic waves to a r ~ 150 nm spot using TRBS as the detection mechanism [237].

Now with the breakthrough of the phonon probe, the long-anticipated concepts de-
scribed above can finally be realised in pragmatic way, with a probe-device that is
compact, flexible, and already capable of imaging. Figure 7.10 presents a series of
designs for a concave acoustic lens that would be deposited onto the tip of the phonon
probe (centred at the fibre-core). The curvature for the acoustic lens is assigned to
the glass substrate (i.e. the fibre core) upon which 15 nm of chromium is deposited
for thermo-elastic generation. It is anticipated that a curved substrate can be prepared
using techniques such as two-photon polymerisation or focused ion-beam milling.

An opto-acoustic ray-tracing model was written under the following assumptions:
normal incidence for the pump beam (incident from beneath the lens), an initial ec-
centricity of zero (spherical lens), and that each material is acoustically non-dispersive.
The optical portion of the ray-tracing model was included in order to account for the
unwanted effect that pump rays may experience total internal reflection when their inci-
dence angle (with the curved surface) exceeds the critical angle. Furthermore, the
lenses were simulated given a background medium of water, and an optical pump
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Figure 7.10: Designs for concave spherical acoustic lenses constructed of curved glass
and a top layer of 15 nm of chromium in an external medium of water (only half of the
lens geometry shown for simplicity). A ray-tracing approach was employed to determine
the angles of refraction at the various interfaces, resulting in the green acoustic rays
propagating towards the vertical axis of the lens. The average height above the lens
at which the acoustic rays cross r = 0 was designated as the focal point of the lens
(f), and the range of f values (blue markers) was considered to be an estimation of
the degree of longitudinal spherical aberration (Af). Lens diameter (D) and angular
extent (0) were varied between A, B, and C. Lens (A) produced a maximum NA of 0.93
and corresponding acoustic spot size of rsp0: = 160 nm (black circles), yet with a focal
length that is still within the acoustic penetration depth of 5 GHz phonons.

wavelength of A = 780 nm. For this theoretical exercise, only two parameters were
varied: the diameter of the lens (D) and the half arc angle of the sphere (6). Figures
7.10a-b demonstrate that when the lens is composed of the same range of angles, the
same range of spatial frequencies will be produced resulting in a common NA ~ 0.9
and acoustic spot radius rspor ~ 160 nm. Numerical aperture was approximated as
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NA = sin 0.« Where 6.« is the maximum angle produced by the lens, and the spot
size was estimated as rspor ~ Aacoustic/2NA. However, the increase in the radius of the
lens results in a shift to longer focal lengths, which was determined by calculating the
mean distance at which the rays cross the vertical axis at r = 0. When the radius of the
lens is kept fixed, but the range of angles produced by the lens is reduced, as in figures
7.10a-c, the NA of the lens reduces yet the focal length remains the same.

There is a degree of rigidity to applying the above acoustic lens designs to the
phonon probe, as it will effectively be rendered into a fixed working distance device.
Furthermore, the fabrication, performance characterisation, and signal processing per-
taining to the device concept will all require considerable innovation. Further work will
also be required to more unambiguously define the lateral resolution of TRBS tech-
niques - which is typically defined using the smallest spot size between the pump and
probe. The acoustic focal volume will be much smaller than the probe spot, and the
overlap between these two spots will act as the source of the highest amplitude Brillouin
oscillations, but may require additional treatment to realise the maximum resolution.
There may also be the challenge of ensuring that the timing of thermo-elastic genera-
tion between the lowest and highest spatial frequencies does not vary to such a degree
that the two acoustic waves are no longer in phase; however, the lens is applicable
beyond Brillouin detection schemes as demonstrated by [236].

This simple model is not an exhaustive simulation of the full wave mechanics of the
lens, but still provides basic insight on the key parameters that may enable a super-
optical resolution phonon probe. Due to the sphericity of this lens design, the effect of
spherical aberration will distort the spot sizes reported in Figure 7.10. The parameter
Af has approximated the amount of longitudinal spherical aberration by determining
the range of distances at which the different spatial frequencies cross the r = 0 plane
(blue circles in centre). For future designs spherical aberration can be lessened by
selecting aspherical curvatures, such as ellipsoids and hyperbolas, or even creating
compound lens layers/structures. The design presented here represents a classical
paradigm for lens construction; more exotic structures such as Fresnel zone plates or
acoustic meta-surfaces may also offer intriguing routes to super-optical resolution. Ul-
timately, an acoustic lens which provides any approximation of the specifications sim-
ulated here would bring the phonon probe a step closer to the resolving power of a
microscope.
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Conclusion
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Chapter 8

Conclusion

For over two centuries, endoscopes have made human eyesight portable. Optical fi-
bres have played the most critical role in this history of endoscopy; for the first time
light could be conveyed in a channel with the dimensions, and flexibility, of a strand of
human hair. One of the great challenges in the last half century, has been devising
strategies for making endoscopes, and by extension optical fibres, as powerful as the
optical microscope. Key breakthroughs which have begun to unlock this potential are
miniaturised lens systems, miniature scanning equipment, and bundles of hundreds of
thousands of optical fibre pixels [18]. These developments have finally afforded new
techniques - such as confocal laser endomicroscopy and endocytoscopy - the ability
to inspect diseases such as oesophageal squamous cell carcinoma, ulcerative colitis,
and Barrett oesophagus at a cellular level in vivo [10, 12].

Reproducing this same developmental trajectory using acoustic waves is highly
desirable; in conventional settings, using ultrasound instead of light offers benefits
such as: non-destructive energy, long penetration depth, and fluorophore-free con-
trast. However, realising acoustic technology in a high resolution fashion has been a
persistent challenge beginning with the advent of scanning acoustic microscopy (SAM)
[82]. Techniques such as endoscopic ultrasound [75] and photoacoustic endoscopy
[105] have set a path towards high resolution and portable ultrasonics. Ultimately this
path narrows: high frequency acoustic waves experience tremendous attenuation, high
frequency piezoelectric transducers are fragile, and complex endoscopic payloads are
required.

Within the last decade a new path to high resolution opto-acoustic endoscopy has
begun to emerge: all-optical acoustics. These techniques excite ultrasound through the
photoacoustic effect, and then listen for the sound optically using an optical cavity or
interferometry [100]. Furthermore, the photoacoustic excitation process can be carried
out by the specimen itself (if it is optically absorbing), or by a dedicated transducer used
to thermo-elastically generate ultrasound. Thus far these approaches have resulted in
successful proof of concept imaging of biologically relevant samples such embryonic
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duck vasculature [113] and swine cardiac tissue [119].

This thesis has sought to expand upon these all-optical approaches to high fre-
quency and high resolution acoustics. In doing so, the mechanisms of picosecond laser
ultrasonics (PLU) and Brillouin scattering were identified. PLU utilises highly absorb-
ing metals with nanometric thickness to convert light pulses into ~ 0.1 T Hz bandwidth
coherent acoustic fields via the photoacoustic effect. The century-old phenomenon of
Brillouin scattering - whereby acoustic phonons scatter incident light waves - can be
used as a non-contact detection mechanism for high frequency ultrasound. Prototype
Brillouin endoscopes which are sensitive to naturally occurring low amplitude thermal
phonons in aqueous media have only just emerged, and due to low sensitivity have only
proven capable of 1D line scanning [153]. However, the principles of PLU can be ap-
plied to Brillouin scattering: time resolved Brillouin scattering (TRBS). This technique
accesses the same fundamental information as spontaneous Brillouin scattering, yet
with greater amplitude acoustic waves and superior axial resolution set by the acoustic
wavelength. Multiple TRBS-based microscopes have now been developed which utilise
these principles for opto-acoustic cell imaging [172, 173, 177]. The result of combining
PLU and TRBS onto the payload of an optical fibre, is the phonon probe presented
here; unlike spontaneously scattering counterparts, this device can be implemented
with a basic single optical fibre. With the phonon probe proof of concept, the qualities
of an acoustic microscope have finally been transferred to the portable landscape of
an optical fibre. The following is a review of the work presented in this thesis, and the
future outlook on this new technology.

8.1 Summary of thesis

Phonon probe design

At the core of the phonon probe is a single-mode optical fibre with 125 um outer
cladding diameter, 5 um core diameter, NA = 0.13, and a single-mode bandwidth of
A =730 — 970 nm. Due to the attenuation of sound liquids in the GHz frequency range,
techniques which utilise PLU and TRBS are inherently near-field, in that the acoustic
wave typically propagates less than z = 20 um before extinction. This aspect of PLU
restricts the use of focusing fibre-optical elements, such as GRIN lenses, which extend
working distance beyond which there is usable acoustic amplitude. For this reason, the
choice in the small 5 uwm diameter core fibre is crucial since it dictates the resolution of
the device when using the optical fibre as an imaging pixel.

In order to generate broadband (> 100 GHz) and coherent acoustic fields from the
tip of the optical fibre, a nanometric transducer thin-film must be deposited onto the
optical fibre substrate. The transducer acts as a photoacoustic source: the absorption
of a pulse of light results in the generation of thermal stress within the transducer and
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relaxes in the form of strain pulses. The pulsed nature of the optical excitation is a key
component of this thermo-elastic generation process; after the finite pulse has been
absorbed, the transducer has the opportunity to relax and therefore radiate mechanical
waves into its surroundings.

A number of single-layer transducer designs were considered, consisting of differ-
ent metallic elements and layer thicknesses. Four key parameters were prioritised for
designing the transducer: TRBS signal strength, SNR, thermal stability, and fabrica-
tion throughput. Ultimately the design of 15 nm of gold was selected as it optimised
all four characteristics. One of the main benefits of this thickness, is that it is partially
transparent in the NIR portion of the electromagnetic spectrum. By choosing a probe
wavelength in this range, the light will be able to transmit through the transducer, par-
ticipate in Brillouin (reflection) scattering with the mechanically excited sample, and
transmit back through the transducer before travelling to the detector.

The desired transducer thin-film was fabricated using DC magnetron sputtering.
A custom fibre-assembly was designed such that the optical fibres could be easily
sputter coated in the vacuum chamber. In order to characterise the thin-film thickness a
white light spectrometer was constructed which enabled the optical transmissivity of the
deposited layer to be measured. The transmission spectrum could then be compared
with the theoretical Fresnel transmission coefficients for a range of layer thicknesses
with the best fitting layer providing the lowest residual with the experimental spectrum.

Experimental system

The experimental system driving the phonon probe is based on two 100 femtosecond
pulse-width lasers with a tuning range of A = 700 — 900 nm. One laser produces a
pump pulse used for photoacoustic excitation, and the second laser produces a probe
pulse used for detection through time resolved Brillouin scattering. The pump and
probe pulses are synchronised using the concept of asynchronous optical sampling. In
this ASOPS configuration the pump excites ultrasound through transducer absorption
in periodic intervals. Following each pump absorption event, a time-delayed probe
pulse samples the optical properties of the acoustically excited region; this time-delay
increases from t = 0 until the end of the acquisition window (e.g. t = 12.5 ns). In this
way ASOPS enables picosecond temporal resolution and ~ T Hz detection bandwidth,
while achieving orders of magnitude acquisition speeds compared with mechanically
scanning alternatives.

A series of fibre-optic elements were introduced to enable conventional PLU and
TRBS measurements to be performed with an optical fibre substrate. Namely, an op-
tical fibre coupler and a wavelength division multiplexer (WDM) allowed the pump and
probe pulses to be combined into the channel of a single optical fibore. The WDM
was selected such that its dichroic element strongly transmits one wavelength band
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and strongly reflects a separate wavelength band. Pump and probe wavelengths of
Apump < 740 nm and A,0pe > 740 nm were chosen to meet this criterion, and also
to ensure single-mode propagation within the fibre bandwidth. Ultimately, the fibre-
coupler can be replaced with a fibre-optic circulator which will drastically lower the loss
experienced by the probe beam as it propagates to the detector; this will have the
consequence of increasing signal to noise ratio given a fixed input optical power.

To enable imaging in three dimensions, the optical fibre-based transducer was
placed into a nanopositioner which controls the height of the fibre-tip with nanome-
tre resolution over a range of ~ 100 um. Spatial resolution in the lateral dimensions
was achieved using 2 linear stages with < 1 um resolution to control the position of the
sample plane with respect to the fixed lateral position of the phonon probe.

Signal processing

The phonon probe detects the modulation of optical reflectance due to the presence
of strain, through the process of time-resolved Brillouin scattering. In order to extract
the acoustic time-of-flight information that is sampled through TRBS, the raw optical
reflectance signal is post-processed using a series of Matlab scripts. Features within
the signal such as the coincidence peak, and the thermal relaxation are removed to
reveal the acoustic time-of-flight. The frequency of the wave is related to the elastic
properties of the sample, and is measured through fast Fourier transform. The viscosity
of the medium in which the wave is travelling, is related to the attenuation of the TRBS
signal, which can be measured by fitting a decaying exponential to the signal.

When a G Hz frequency acoustic wave encounters a boundary of acoustic impedance,
it will be partially transmitted and reflected. Due to the fixed optical probe wavelength,
the transmission of an acoustic wave from one medium to another will result in a shift
in detected Brillouin frequency, because of the change in refractive index and sound
velocity. The signal-time position at which this change in frequency occurs presents
an opportunity to localise the boundary itself. The time-frequency analysis technique
of continuous wavelet transformation was used to measure the position of these tran-
sitions events by searching for when the acoustic wave amplitude attenuates quicker
than its natural decay rate.

Brillouin spectroscopy

Initially, proof of concept was demonstrated using the phonon probe in a spectroscopic
capacity. This was accomplished by immersing the optical fibre tip containing the trans-
ducer into a liquid medium, and measuring the Brillouin spectrum of the environment.
Furthermore, this can be achieved without complicated mechanical/scanning equip-
ment: simply by placing the fibre into the medium. The unique combination of a ma-
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terial’s refractive index and sound velocity serve as the spectroscopic signature cap-
tured by the phonon probe, measured as the Brillouin frequency. Unique signatures
were measured for the cases of water, glycerol, liquid polystyrene, blood plasma, and
gelatin, and agreed well with the expected values of the Brillouin frequency reported in
literature. These experiments were carried out using 10, 000 oscilloscope averages per
signal resulting in a &~ 3 s acquisition speed, and were repeated 100 or more times to
increase the signal SNR. The probe was also tested all the way down to 1, 000 oscillo-
scope averages, an acquisition speed of ~ 0.4 s, and still proved capable of sensing a
dynamic environment.

To further demonstrate the capabilities of the phonon probe, it was placed in aque-
ous environments with varying temperature and salinity. Through the thermo-optic,
thermo-acoustic, salino-optic, and salino-acoustic effects, the changes in refractive in-
dex and sound velocity gave rise to changes in the Brillouin frequency detected by the
probe. Using thermo-optic and thermo-acoustic constants of water, the experimental
Brillouin frequency was used to produce an experimental readout of the changing water
temperature. These measurements were in close agreement with an external measure-
ment of water temperature. The device was able to measure changes in temperature
with a sensitivity of Afg/AT = 2.5+ 0.6 MHz/°C. A similar process was performed
to provide experimental measurements of salt concentration that were in agreement
with the known concentrations poured into the medium, and were accomplished with a
sensitivity of Afg/AC = 41 + 3 MHz/%wt, and a minimum resolvable frequency shift
of Afg =9+ 2 MHz (AC = 0.23 %wt salt).

Parallel profilometry and spectroscopy

Before showing that the phonon probe was capable of 3D imaging, it's in-depth mea-
surement capability was first demonstrated. This was accomplished by using the z-
nanopositioner to position the tip of the fibre to within z = 10 um of a common labora-
tory petri dish (PS) filled with water. The water is key to the technique, as it provides
ultrasonic coupling between the transducer-source and the imaging target. At a crit-
ical proximity between the fibre-tip and petri-dish, the TRBS signal produced a clear
shift in Brillouin frequency from that of the water-couplant f5(H>0) = 4.8 GHz to that
of the PS dish fg(PS) = 7.9 GHz. The position in signal-time at which the amplitude
of the fg(H>0) mode decayed by 50% (after taking into account material attenuation)
was located through wavelet analysis. This time-position was then converted into axial
distance by multiplying the sound velocity measured through the Brillouin frequency,
therefore providing a proximity measurement to the petri dish. This process was var-
ied over a series of fibre/petri-dish distances, and an SNR floor of zpg =~ 5.5 um was
identified which sets the effective dynamic range of the instrument.

The above procedure was then extended to 3D profilometric imaging; the phonon
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probe remained within 10 wm vertically of the sample plane, and the specimen stage
was scanned in x and y to achieve spatial resolution. At each x/y position the proximity
between the phonon probe was measured, then the device was scanned to the adjacent
x/y position and the process repeated to build an image. If the floor of the object is
within the dynamic range of the system, then the proximity measurement of this floor
acts as height h = 0 and the inversion of the proximity map produces a map of the
object height. However, if the proximity of the object floor cannot be measured, then
only a relative height map can be attained; this scenario of relative measurements is
similar to the case of dynamic range in atomic force microscopy (AFM).

Using this imaging principle, the topographies of 3 PS-microstructures were im-
aged. These structures were fabricated through drop-coating and melting, and ranged
in size from 20 um to 75 wm in diameter. For the two taller objects, the phonon probe
was capable of measuring the upper h = 4.6 um and h = 3.9 um portions. Optical pro-
filometry was performed on these objects, resulting in absolute height measurements of
habs = 7.7 wm and hyps = 4.9 uwm (respectively), confirming that the phonon probe was
indeed measuring relative height. However, a third shorter PS-phantom was scanned
with the phonon probe and a height measurement of h = 2.695 um was obtained,
compared with the h,ps = 2.700 pwm measurement made with optical profilometry.

Proof of concept was also achieved for using an optical fibre-based probe to map
the Brillouin frequency of an object in two-dimensional space, a world first. Since light
slows down upon entering PS (from water), and sound speeds up, the optical-probe
and acoustic fields will refract in different directions (away from each other). This effect
worsens as the height gradient of the object increases (angle of incidence becomes
more severe). Consequently, the optical and acoustic fields lose overlap which results
in a decay in TRBS signal amplitude. The maximum inclination angle for the height
gradient of a PS-object, for which the Brillouin frequency can still be measured, was
measured as 6; ~ 10°. On the other hand, many biological media, such as 3T3 fibrob-
last cells, contain similar optical and acoustic refractive indexes compared with water,
and therefore should enhance the phonon probe’s sensitivity to detecting sub-surface
Brillouin scattering in microscopic objects.

Sources of systematic error when using the z-nanopositioner as a degree of free-
dom were discussed, and a maximum value of €, ~ 70 nm was identified. A key source
of systematic error for 3D imaging (with a fixed z-offset between fibre tip and imaging
plane) was identified in the variation in sound velocity along the TRBS signal time-of-
flight, likely due to the temperature gradient surrounding the transducer. This ultimately
results in an error on converting from the time-domain to the 1D spatial-domain, the
latter providing the basis for a proximity measurement. The impact of this error was
quantified; for the three imaging objects, maximum positional errors of ¢, = 91, 73, and
40 nm were reported. After considering the temperature error, the total height measure-
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ment of the smallest object was estimated to be within ¢, = 30 nm accuracy compared
with optical profilmetry; this was made possible by the stand-off distance between the
fibre and the object being within the dynamic range of the instrument.

The lateral resolution of the phonon probe is provided by the rpsF = 2.5 um mode
field radius of the optical fibre. This spatial resolution is enabled by the ~ 1 um reso-
lution of the x/y stages which articulate the sample with respect to the fibre-tip. If the
phonon probe uses the measure of the instantaneous Brillouin frequency (along the
axial direction) as a contrast mechanism, then the axial resolution is determined by the
acoustic wavelength and the width of the wavelet used for time-frequency analysis; in
the case of this study, the theoretical axial resolution would be z,;, =~ 1 um. When the
phonon probe is being used strictly for profilometry, the concept of axial precision is
more pertinent, since within each voxel, only a single “object” is being resolved. From
this perspective, the configuration of the phonon probe (and wavelet processing) in
this report was capable of o, = 55 nm axial precision, a quantity which can be further
improved with increasing SNR.

The performance metrics for the phonon probe discussed in this thesis are collated
in Table 8.1.

Phonon probe performance

min acqg. . freq. lateral axial | dynamic | in-depth | in-depth
sensitivity o
speed res. res. res. range | precision | accuracy
MHzT
2.5 MHz
0.4s A1 mHzt |9 MHz' | 25 um® | 1 um® | 5.5 umt 55 nmt 30 nmt
%wt

Table 8.1: Tquantities which improve with signal averaging. *not verified experimentally.

Future work

The future developments for the phonon probe were discussed, particularly those re-
lated to the field of view, SNR/acquisition speed, dynamic range, and lateral resolu-
tion. Proof of concept was demonstrated that the fundamental TRBS mechanism of
the phonon probe, is also compatible with a optical fibre imaging bundle. This is also in
spite of the reality that cores of the bundle channels no longer support a single spatial
mode, and therefore produce intermodal dispersion which ultimately affects the detec-
tion bandwidth of the phonon probe.

Next, a Fabry-Pérot optical cavity was proposed as a possible solution for increas-
ing TRBS signal amplitude. The PLU analytical-model was used to demonstrate that
approximately one order of magnitude improvement in TRBS signal strength can be
obtained (compared with 15 nm of gold), due to the high quality factor of the optical
cavity which leads to greater optical absorption (strain generation) and transmission
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(for Brillouin scattering).

Additionally, a method for increasing the zpr ~ 5.5 um dynamic range of the phonon
probe was discussed. Compared with the NIR probe wavelengths used in this report, a
probe wavelength in the IR (e.g. A = 1550 nm) would enable approximately four times
greater acoustic penetration depth (e.g. zpr =~ 20 um). Through the Bragg condition,
a A = 1550 nm probe wavelength would scatter constructively with a A\, ~ 600 nm
phonon (fg = 2.5 GHz). Since acoustic attenuation («) is proportional to the square

of the acoustic frequency, the phonon probe would gain dynamic range at the rate

2
probe*

As the probe is further developed to image deeper, additional effects such as optical
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diffusion may become more relevant, especially for living specimens which can be con-
sidered dynamic scatterers of light. For example, in biological tissue it has been shown
that an incident wavefront will decorrelate as a function of tissue thickness and ex-
periment time (fluctuating speckle fields) [238]. However, for the length scales probed
in this thesis (z ~ 10 um), the probe photons can be treated as ballistic resulting in
decorrelation times on the order of several hours or more [239]. Nonetheless, future
deep imaging will necessitate faster imaging speeds to avoid significant variations in
refractive index required to measure Brillouin frequency.

Finally, a strategy for increasing the rpsr = 2.5 wm lateral resolution of the phonon
probe was devised. Introducing a concave acoustic lens onto the tip of the fibre -
similar to the acoustic lenses originally developed for scanning acoustic microscopy
- will allow the generated ultrasound to refract towards a focus, dictated by the lens
radius of curvature. Since a ~ 5 GHz acoustic wave propagates with a wavelength
on the order of ~ 300 nm, high spatial resolution can be achieved while still remaining
non-destructive, unlike the equivalent optical wavelength.

8.2 Outlook

The future prospects for using the phonon probe in a purely spectroscopic capacity are
promising. The qualities of nearly real-time acquisition speed (0.4 s) and high spectral
resolution (9 MHz) that have been demonstrated here, provide utility for a wide range of
situations in which monitoring dynamic processes or minute fluctuations are required.
Both qualities are also scalable as the SNR of the device improves, e.g. using optimised
transducer designs. Without the requirements of micron-precision motion control and
bulky scanning equipment (for spectroscopy alone), the full compactness and flexibil-
ity of the fibre-spectrometer can be realised. For example, the fibre could be easily
deployed down the bore of a needle (over a wide range of needle gauges), catheter,
endoscope, or any space greater than 125 um. Consequently, the spectroscopy feature
of this device could conceivably be used for applications related to: in situ liquid mon-
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itoring, in vivo alternatives to biopsies and tissue diagnostics, or surgical guiding (e.g.
in epidural procedures). In vivo biopsies would be a particularly interesting application
for the technology, especially for biopsy-types which are primarily liquid-based such as
fine needle aspiration. Conventional microscope-based Brillouin spectrometers have
already shown promise for differentiating between healthy and diseased cerebrospinal
fluid in liquid-biopsy screening for bacterial meningitis (in vitro) [240].

Among the potential applications for using the phonon probe as a high resolution
imaging tool, perhaps the most exciting are those associated with cellular resolution
bio-imaging. The finer structure of the biological world is a complex environment which
is not always easily navigated by large optical microscopes or low-resolution ultrasound.
Having an ultrasonic endoscope-style tool which accesses this regime with high con-
trast and resolution will broaden the tool-box with which biology can be investigated.
Using the phonon probe as a bio-friendly profilometer will be a key application moving
forward, and will set a path towards being able to image the more complex architec-
tures of biological tissue. The requirement of a water coupling medium with the phonon
probe is ultimately a benefit for application to cell profilometry since the specimens can
remain in culture and therefore a living/undisturbed state.

As it pertains to future cell imaging applications with the phonon probe, one promis-
ing topic may be the endoscopic inspection of neuronal processes [241]. Although
typically studied for their electrical properties, recent work has begun to reveal that
mechanical properties and behaviours of neuron cells are closely related to the electri-
cal activity that defines the action potential [242, 243]. Furthermore, viscoelasticity is
emerging as a key biomarker for detecting and tracking the progression of neurodegen-
erative diseases such as Alzheimer’s, multiple sclerosis, and amyotrophic lateral scle-
rosis [244—246] and warrants further investigation on the cellular scale. Time resolved
Brillouin scattering has recently demonstrated compatibility with individual neuron cells
[176, 247], and now with the phonon probe is now poised to supplement conventional
elastographic techniques such as atomic force microscopy [243, 248] and magnetic
resonance elastography [244, 245].

Tissue samples are inherently challenging for transducer-substrate-reliant PLU tech-
niques, due to turbidity and the inability for GHz frequency ultrasound to penetrate
through thick tissue. However, with the mobility of the phonon probe, and now the
phonon imaging bundle, the devices can be introduced to the top surface of tissue
(with a couplant and likely with contact) for spectroscopy, profilometry, and imaging of
superficical layers without need for a microscope. To this end, a promising application
for the phonon probe is to act as an in situ monitoring tool for the rapidly accelerating
field of 3D bioprinting and tissue engineering [249]. The 125 um footprint of the phonon
probe could be integrated to pre-existing needle-like print-heads and extruders.

In the context of biological imaging, the phonon probe will achieve low specificity un-
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less the environment is well calibrated and constituents are known a priori, or another
imaging modality is used for specification. Therefore there is significant interest in pair-
ing the phonon probe technology with high specificity techniques such as endoscopic
fluorescence and molecular imaging [18, 22, 250]; similar complementarity between
these modalities has already been demonstrated for conventional Brillouin microscopy
[246]. Due to the partial transparency of the phonon probe, it is possible to integrate
the requisite wavelengths for TRBS and fluorescence imaging into the same channel -
e.g. in a fibre bundle core. Alternatively, the two modalities can be separated, either by
occupying different channels of the same fibre bundle, or by utilising separate optical
fibres for each modality - e.g. using a NUV single-mode fibre for fluorescence excitation
and a neighbouring phonon probe for TRBS and fluorescence collection (or vice-versa
for two-photon fluorescence). This concept could also be carried out with other near-
field endoscopic techniques, such as endoscopic Raman spectroscopy, which itself
provides molecular and highly specific information [251].

Many fluorescence endoscopy devices utilise some form of focusing to increase the
working distance of the device. One possibility for overcoming the mismatch in working
distance between these devices and phonon endoscopy is to relocate the transducer
from the fibre-tip to the specimen itself. This could be made possible by using metallic
nanopatrticles as TRBS contrast agents (photoacoustic absorbers for the pump beam)
in tissue; then pump and probe beams could be focused from the far-field (e.g. using
a GRIN lens) and epi-detection can be achieved through Brillouin scattering or optical
sensitivity to mechanical vibrations of the particle [252].

As endoscopic procedures become increasingly automated and roboticised [253,
254], the phonon probe (single-fibre or bundle) could act as the first sub-cellular re-
soution ultrasonic endocytoscope. ldeally as the technology continues to develop, the
acquisition speed can be increased to video rates at which point machine intervention is
less critical. Perhaps label-free phonon endomicroscopy will continue to mature to the
point where it is an additional modality for pre-existing confocal laser endomicroscopy-
based endoscopes, by converting the viewing window into a laser ultrasonic transducer
as shown in Figure 8.1. Even at this young stage of the phonon probe, this technolog-
ical combination is a natural pairing because CLE already relies on contact between
the viewing window and the specimen, and also is restricted to near-field penetration
depths (< 50 um) [22]. This perhaps will lead to using elasticity as a novel histological
metric for minimally invasive and high throughput in vivo diagnostics.
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Figure 8.1: Future device concept for phonon endomicroscopy. (a) Current state-of-
the-art confocal laser endomicroscope developed for Pentax; a single-fibre is scanned
in x, y, and z across the back focal plane of a miniaturised imaging system which
is capable of 1 um lateral resolution [24]. (b) Concept for using the viewing window
as a transducer for high frequency ultrasound. Spatial resolution can be achieved
through the same scanning mechanism as (a), or by integrating a fibre bundle with
illumination raster scanned across the proximal end. (a) Reprinted from Gastrointesti-
nal Endoscopy, 62, Adrian L. Polglase, Wendy J. McLaren, Stewart A. Skinner, et al.,
A fluorescence confocal endomicroscope for in vivo microscopy of the upper- and the
lower-Gl tract, 686-695, Copyright (2005), with permission from Elsevier.
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Appendix A

Green’s function

This Appendix provides additional information for solving electric fields within a per-
turbed medium, which was initially derived in Section 2.2.2. Recall that the inhomoge-
neous wave equation in Equation 2.69

2

[6622 + Ken(2)| E(2) = —KPein(2)E(2) (A1)

must be solved in order to solve for an electric field given an inhomogeneous source
ein(z) (source of a perturbation in permittivity). Recall from Equation 2.70 that this wave
equation can be rewritten in terms of a Green’s function G(z, z'):

2

2+ Ra(2)]6(z. ) = 3z~ 2) (A-2)

or using the differential operator, L,
LG(z,Z)=—6(z—2Z) (A.3)

where the source (in this case ¢€;(z)) is treated as a delta function centred at position

Z' (position of the strain pulse). By first solving for the Green’s function (G(z, z')), the

original inhomogeneity ¢;, can then be treated as a distribution of delta functions at

position Z’,

5(z — 2') [KPein(z)E(2)]

which when integrated over space yields the solution for the field:

LE(2) = —K2ein(2)E(2) = — / §(z— 2" K2ein(2')E(2)d2' = / LG(z, 2 )K2ein(Z)E(Z)dZ!
(A.4)

Since the operator L is not a function of the strain position z’ (see LHS of Equation A.1),
it can be removed from the integral on the far RHS and cancelled with its equivalent on
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the far left to yield the final solution:
E(z) = / G(z 2 )k2ein(2)E(Z')d2’ (A.5)

with the RHS being referred to as a Green’s integral. One of the valid solutions to
both Equation A.1 and A.3 is the case for no perturbation ¢;, = 6(z — z’) = 0, i.e. the
homogeneous component of the solution. The linear combination of the homogeneous
and inhomogeneous fields then gives the total field:

E(z) = Eo(z) + / G(z, 2 )KPein(2)E(2')dZ’ (A.6)

Eo(Z) = Aoeikoz + Boe_ikoz (A7)

where the unperturbed field amplitudes are solved using TMM.

In order to solve for the field, the Green’s function G(z, z') must be solved. In order
to achieve this, a unique feature of delta functions is utilised. The fact that the area
under the curve of delta function is 1

0
/ §(z—2Zdx =1 (A.8)
—o0
imposes a restriction on the possible values of the Green’s function. With this identity,
the process proceeds in a similar manner to solving a homogeneous normal electric
field (Equations 2.40-2.44): (1) the forward and backward propagating fields on each
side of the delta function are treated independently, (2) continuity of the fields (i.e.
the Green’s functions) is imposed at the perturbation z = Z/, and (3) continuity of the
derivatives of the fields at the perturbation. However, due to the fact that Equation
A.8 holds for a delta function, the derivatives on each side of the delta function will be
discontinuous by 1 [161]. Combining these conditions allows for the Green’s function to
be solved. For the case that the optical detector is placed in a position where it collects
the light reflected by the transducer (z < 0 < Z’), the following Green’s function solves
the set of linear differential equations [161]

r —ikoz

L Ey(2) (A.9)

6(z.7) = G Eol

which is then applied to Equation A.6 and ultimately the complete set of field equations
within the multi-layer structure (Equation 2.74 in main text).
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Appendix B

Finite element thermal model

In Figure 5.12, Chapter 5.2.2, the temperature rise in the water medium surrounding the
fibre-transducer was simulated using finite element method (FEM). The temperature
rise is a result of the energy exchanged from the optical fields to the metallic thin-film
through optical absorption. In this section, the FEM model utilised to investigate this
phenomenon will be discussed.

This model was performed using the software, COMSOL, which finds approximate
solutions to systems of partial differential equations (PDEs) within a computational
space that has been discretised into computational sub-spaces called elements whose
vertices are defined by nodes. Similar to other numerical methods, such as finite differ-
ence, a set of material properties and initial conditions are defined at discrete positions
in the spatial mesh, and the initial conditions are propagated through the system (e.g.
in time, space, or both) according to the PDEs; when material interfaces and the like
are encountered, boundary conditions such as the conservation of energy are then
utilised to ensure continuity. For systems with complex geometries or many indepen-
dent variables, exact analytical solutions are often unobtainable or are computationally
impractical. FEM addresses this issue by using the initial conditions and various numer-
ical methods to guess/interpolate the values of the unknown nodes until the collection
of node-values approximately solves the relevant PDEs and boundary conditions [255].

In order to approximate the temperature rise in the water medium induced by the
irradiated gold transducer, the Heat Transfer module was used in Comsol. This module
takes an input heat source Q;,, a set of initial conditions (e.g. To = 273° at all points)
and solves for the temperature of a system as a function of space and time. This is
achieved by the solving the heat equation which is the thermodynamic equivalent of
an expression of energy conservation: the work done on the system (by source Q;,)
results in the rise of thermal energy, i.e. temperature (T)

pC(Z—I—v-VT)%—V-q:Q;,, (B.1)
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where p is the density of the material, C its specific heat capacity, and v is the velocity
vector of the material [256]. Equation B.1 can be interpreted in the following way: term
1 is variation in thermal energy (e.g. at one node) over time, the second term is change
in energy due to forced convection (material flowing at rate v), and the third term is the
change in energy due to heat conduction (energy flux density) which is defined using
Fourier’s law: q = —KVT where K is the thermal conductivity [53, 256].

For each individual optical pulse absorbed by the transducer, a separate tempera-
ture rise/heating event will occur followed by thermal diffusion. As this is happening 80
million times per second, the heat accumulation by the transducer means that the trans-
ducer will eventually reach a steady-state temperature where the energy consumption
by the transducer is equivalent to the energy diffusion (thermal equilibrium). For pulsed
lasers this equilibrium state is typically reached on length scales t << 1 s [257]. There-
fore, given the exposure times utilised in this report, t ~ 80 — 7200 s, for all intents and
purposes the beam can be treated as effectively continuous wave (CW) with average
power P. Under these circumstances the time-dependence in Equation B.1 becomes
null, and the model is said to be stationary. Furthermore, since the water medium
is at rest, the term for forced convection disappears for zero velocity. What's left is
the simplified equation for the steady-state temperature rise in the environment due to
conduction:

— KV2T = Qjn (B.2)

The steady-state stationary model was then run with the following parameters:

e a geometry based on the cylindrical dimensions of a single mode optical fibre
(250 wm diameter cladding) and the surrounding environment: 250 um x 200 um
volume (radius and height respectively) of fibre, a 250 um x 15 nm volume gold
transducer, and a 250 um x 200 wm volume of water.

¢ with the following material properties:

water: p = 1004 kg/m?3, C = 4217 J/(kg - K), and K = 0.556 W /(m - k)
glass: p = 2203 kg/m3, C =703 J/(kg - K), and K = 1.38 W/(m - k)
gold: p = 19300 kg/m?3, C =129 J/(kg - K), and K = 317 W/(m - k)

e cylindrical axial symmetry was used utilised about the r = 0 axis in order to
increase computation speed (T(z < 0) = T(z > 0)) (red line in Figure B.1).

e initial temperature of T = 273 K everywhere.

e thermally insulating boundaries (T = 273 K) were defined as boundary conditions
away from the central heated region (blue edges in Figure B.1).

e under the steady-state assumption, the heat source Q;, is approximated by the
average optical power (CW) absorbed by the gold transducer. This was solved
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Figure B.1: Demonstration of the geometry and initial conditions utilised to model the
steady-state temperature of the irradiated transducer and its surroundings. The com-
putational space comprised a 250 um x 400 um (radius and height) volume cylinder
containing half glass (optical fibre) and half water, in between these two materials along
z = 0 exists a gold transducer layer with thickness 15 nm. The red edge of the geome-
try designates axial symmetry about r = 0 and the blue edges designate the constant
thermally insulating boundary condition of T = 273 K. The green volume indicates the
volume in which the average temperature rise was measured. Dimensions in drawing
are not to scale.

using the transfer matrix method (TMM) to solve for the Fresnel coefficients of
the gold transducer surrounded by glass (beneath) and water (above). Then the
experimental powers in Figure 5.12 were multiplied by the absorbance A= 1-R—
T calculated from the TMM resulting in the absorbed average power P = 2 mW,
and the heat source of Q;, = P/V where V is the 5 um x 15 nm volume where the
optical fibre core meets the transducer.

e the 5 x 5 x 5 um volume outlined in green was designated as a volume within
which the average temperature is calculated, based on the core radius and the
typical axial distance covered by TRBS signal.

The output of this simulation resulted in the temperature map plotted in Figure 5.12
in the manuscript, which contained an average temperature rise - within the 5 x 5 x 5
wm volume surrounding the core/transducer interface - of AT ~ 55°.

262



Appendix C

Fluence damage threshold

In Figure 3.9, Chapter 3.2, the ability for a single metallic thin-film to withstand laser
pulse absorption and melting was discussed. This investigation was carried out using
an analytical thermal diffusion model [189] to estimate the absorbed optical fluence
required to heat a metallic thin-film to its melting temperature as a function of film thick-
ness, and will be described in brief here. The thermal diffusion model begins with the
heat equation; as discussed in Appendix B, the heat equation is a PDE which describes
the exchange of thermal energy over space and time between a heat source and the
surrounding environment. With the assumption that the heat transfer due to convective
processes is limited compared with conduction, Equation B.1 is rewritten:

pc‘Z _KVRT = Qi (C.1)

Instead of applying a heat source directly, the optical fluence was used in the following
way. In order to raise the temperature of the metal from its initial temperature (Ty) to
melting (T,,,), an energy density of

Fn=Cu(Tm —To)La (C.2)

is required, where C, is now the volumetric heat capacity and L, is defined as the
thermal diffusion length [258]. F,, can then be considered the optical fluence required to
raise the temperature of the metal to T,,, degrees, or in terms of the melting temperature:

Frm
T = :
i (C.3)

where for T,, >> Ty (e.g. in metals). Furthermore, Equation C.2 can be converted into
the incident fluence by dividing by the absorbance of the metallicfim A=1—-R —T:

Fmn=Cy(Tm — To)L4A (C.4)
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Instead of using a heat source, Equation C.4 was used to make the melting temperature
the initial condition of the solution to the heat equation:

-
pcgt —KV?T =0 (C.5)

Using the initial condition for T¢(z = 0) = T,, in the metal film (with light incident at
z = 0), and the requirement for continuity at the boundary between the metal film and a
substrate placed a distance d from the light incidence (metal film thickness d), Equation
C.5 can be solved in integral form as demonstrated in [189, 259]. The analytical solution
at the position of maximum temperature (z = 0), and the time at which the pulse of width
7 has traversed the metal interface (t = 1) is then written:

_ TwleCr (14 b)(e”t —1) + (1= b)(e~V/tr — 1) 2T mLsCsh

F
m=a (b—1)e 9L + (b+1)e¥/lr ' A(b— 1)ed/Ls

(C.6)

where the diffusion length L; and the constant b are defined as

2Kt KeCr
L= — /2D, b=
C: T K.C.

and the index i corresponds with the relevant index for the metal film (f) or the substrate
(s) [189]; note that the quantity K;/C; is further defined as the thermal diffusivity of the
material.

This expression for the fluence damage threshold as a function of metal material £
of thickness d is the basis for the theoretical damage thresholds presented in Figure
3.9. The specific heat capacity, density, and melting temperatures for the metals Au,
Ag, Cu, Cr, Al, Ti, and the fused silica (glass) substrate were collated (Table C.1) and
the metal thickness was varied over the range d = 1 — 50 nm. To calculate the optical
absorbance the transfer matrix method was used to solve for the Fresnel coefficients of
each metal film using a wavelength of A = 780 nm.

It is important to note that a pulse width of 7 = 100 fs was utilised in the implemen-
tation of this analytical model, which is only valid for ns pulses. In the ns regime, the hot
electrons within the metal remain in thermal equilibrium with the lattice [165]. However,
for the case of fs radiation, this equilibrium is no longer preserved and the heat equa-
tion must be solved simultaneously for the temperatures of the hot electrons and the
lattice. In this regime the influence of the electron heat capacity (C.), the electron dif-
fusion length (L.), and the electron-phonon coupling rate (g) become significant [258].
Simulating these coupled effects is non-trivial, and conventionally is performed numer-
ically using a two-temperature model (TTM) which is without the analytical solution in
Equation C.6.

Despite using a pulse width that is beyond the limits of the model, the general
trends observed for 7 = 100 fs are still within general agreement of equivalent inves-
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tigations in the fs-regime performed previously with TTM [165]. The same effects are
still observed: (1) as metal thickness decreases so does the damage threshold, and (2)
noble metals such possess greater damage thresholds than transition metals. In the
fs-regime this discrepancy actually worsens due to the greater electron-phonon cou-
pling strength demonstrated by transition metals; i.e. the lattice couples to the thermal
energy of the hot electron bath more quickly and thus becomes damaged more rapidly.
Since noble metals have much weaker e— ph coupling, the damage thresholds between
the ns- and fs-regimes are rather similar [165]. Therefore the simulations presented in
this study are meant to provide first-order approximation for thin-film damage.

Damage threshold material parameters
Material || C, [10°J/(m®- K)] | KiW/(m-K)] | Tm [K])
Au 2.49 314 1337
Ag 2.46 419 1235
Cr 3.36 94 2180
Cu 3.43 401 1358
Ti 2.43 22 1941
Al 0.07 234 934
glass 1.55 1.4 1923

Table C.1: Material parameters for the metals and glass substrate used to simulate the
damage threshold through optical absorption as a function of metal film thickness.
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Appendix D

Polymer phantom fabrication

This Appendix is in reference to the fabrication procedure for Polystyrene microspheres

mentioned at the beginning of Section 6.3. Before preparing the polymer microstruc-

tures, a specimen substrate was prepared that would enable the user to easily locate

structures of interest, both for imaging with the phonon probe and other ancillary imag-

ing techniques such as brightfield microscopy and profilometry. This was achieved

by creating a quasi-grid pattern (with alpha-numeric labelling) onto a microscope slide

using photolithography and was performed according to the following protocol:

1.

clean a blank microscope slide using a series of organic solvents and an ultra-
sonic bath

. spin coat a positive photoresist (BPRS 150) layer onto the substrate - 4000 rpm

for 30 seconds which gives approximately 1.3 um thickness

. bake slide to evaporate residual solvents - 90° for 5 minutes
. cool slide down to room temperature

. exposure - use a Karl Suss MJB3 Mask Aligner to expose the sample to the

desired pattern of UV light (mercury lamp, 7 mW/cm?) - 8 seconds exposure

. development - gently stir substrate in a 1:8 solution of developer (AZ400K) and

deionised water for roughly 20 seconds - wash with water and dry the substrate
with N, gas

. coating - use sputter coating facility to deposit 20 nm of gold followed by 10 nm of

ITO

. lift-off of undesired gold - warm a beaker of acetone at 60° for 10 minutes, then

immerse substrate for 10 minutes while in ultrasonic bath

. wash with organic solvents and dry with N,.
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Once the gridded substrate was prepared the PS microstructures were fabricated.
The precursor for the structures was a concentrated pot of 10 um diameter PS micro-
spheres (Bangs Laboratories, Inc.) which was diluted to a volume ratio of 1:500 with
deionised water. Approximately 250 w.L of diluted solution was drop coated into the cen-
tre of the gridded coverslip, and the sample was baked for ~ 35 — 40 minutes at 245°C.
As a result of the baking, the microspheres, which start as conglomerates of individual
spheres (see cyan box in Figure D.1), are eventually melted into joint structures (ma-
genta box in Figure D.1). Following this procedure, a gridded landscape populated with
complex polymer microstructures was achieved, and is shown in Figure 6.9 in the main
manuscript. The small bright dots that fill the gridded area are 5 um x 20 nm spots of
gold spaced 50 um apart, which are residual from the lift-off procedure in photolithogra-
phy. Letters and numbers along the periphery of the grid aid in locating and recording
the positions of imaging targets.

Figure D.1: PS microspheres with diameters of 10 um were drop coated onto the sur-
face of the gridded coverslip. In order to imitate the size and shape of a biological cell,
the microspheres were oven-baked to melt the individual spheres into compound con-
tinuous structures. Inside the cyan box, unmelted microspheres can be seen, some
of which have adhered together. The magenta box shows the effect of melting as the
discrete spheres have now begun to meld forming a continuous structure.

267



Appendix E

Profilometry methodologies

This section will briefly explain the three forms of profilometry used in this study: a
stylus profiler, an optical profiler, and atomic force microscopy. These techniques and
instruments were used to provide corroborative profile measurements of the PS phan-
toms used as 3D imaging targets for the phonon probe. Additionally the basic protocols
for using the instruments will be reviewed.

Stylus profilometry

Stylus profilometry is a contact technique which drags a stylus-tipped cantilever across
the topography of a sample. A force is applied to the cantilever such that any change
in the height of the sample is counteracted by the downward force of the stylus. When
the tip is displaced by a change in height of the sample an electrical signal is registered
which is proportional to the degree of displacement. This process is repeated as the
stylus is scanned along the specimen in a series of 1D lines.

The profilometer used in this study was a KLA-Tencor AlphaStep D-120 Stylus Pro-
filer. The machine is capable of 55 mm maximum scan lengths, contains a dynamic
range for height measurements of 1.2 mm, and sub-angstrom axial resolution. The
following protocol was utilised to operate the instrument:

1. glass microscope slide containing the PS phantom was placed in the specimen
stage of the instrument and secured in place using a vacuum contact.

2. the x/y stages were manually adjusted until the phantom was within the field
of view of the optical imaging system of the instrument (which was brought into
focus).

3. the sample was positioned such that it was not directly beneath the silhouette of
the stylus. Then the stylus tower was automatically descended until the stylus
produced a force on the substrate that was consistent with the instrument calibra-
tion.
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4. with the stylus raised, the centre of x/y stages were then zeroed at the apparent
centre of the PS phantom.

5. scan parameters of 900 um travel (length of line scan), in 100 nm steps, and a
cantilever force of 5 mg were established and run by the instrument.

6. in post-processing the tilt of the surface was fitted and removed, with the minimum
measurement then assigned to the height h = 0.

This process was repeated three times for only a single phantom (the object in Fig-
ure 6.15d) along three different cross-sections. Only a single object was scanned due
to the instrument’s lack of 2D scanning capability (which would require stitching many
individual line scans together). The profiler registered a maximum height measurement
of h = 7.7 um which was also in agreement with the maximum height from the same
phantom measured through optical profiling which will be discussed next.

Optical profilometry

In general optical profilers are scanning microscopes which operate through the prin-
ciple of low coherence interferometry. Incident broadband light is split into a reference
path and the object path. Due to the low coherence length of the broadband light
source, equal path lengths will result in an interference pattern with maximum intensity
contrast [226]. As the optical path length of the system is scanned (e.g. by moving
the objective lens or specimen with a piezo z-stage), a depth-resolved interferogram is
generated for each pixel in x/y; the position of maximum intensity for this interference
envelope then provides a height measurement for the given pixel and allows construc-
tion of a 3D image.

The optical profiler used in the work was the KLA Zeta-20 Optical Profiler. An ob-
jective lens with numerical aperture NA = 0.9 was used resulting in a lateral resolution
of r = 370 nm. The interferometric nature of the depth resolving mechanism permits a
z-resolution for height measurements of 15 nm. The dynamic range of the instrument
is determined by the travel range of the piezo z-stage used for axial scanning, which
is 40 mm. The instrument operates very similarly to a standard brightfield or confocal
microscope, with the following protocol being utilised

1. place microscope slide with PS phantom onto the specimen stage of the micro-
scope.

2. manually scan the x/y stages until the object is centred within the field of view.

3. use the software to adjust the focus of the imaging system. The brightness of the
light source can also be adjusted.
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4. to initiate 3D profilometry, the z-scan range limits must be defined. First, a 2D
grating is projected onto the focal plane, and the piezo z-stage is adjusted until
the grating and the substrate are both in focus: then alert the software that this is
the floor of the measurement.

5. repeat the above process to localise the top of the PS phantom, i.e. when the
grating and the object peak are the only objects in focus.

6. now that the floor and peak positions of the object have been assigned in the
software, only two scan parameters need defining: x/y discretisation of 180 nm,
and a scan area of 173 um x 129 um.

This process was repeated for each of the three PS phantoms presented in this
study (Figures 6.15-6.17) using the same objective lens (NA = 0.9) and x/y discreti-
sation. Optical profilometry is a powerful technique which offers nanometric profiling
resolution, optical lateral resolution, fast acquisition speeds (less than a minute), non-
contact operation, and high dynamic range. For these reasons it provided the most
convenient 3D profiling measurements for corroborating the phonon probe measure-
ments. For additional discussion on this technology refer to Section 6.4.2 in the main
text.

Atomic force microscopy

Atomic force microscopy (AFM) is the gold standard of high resolution profilometric
imaging. The technique generally operates by dragging or resonantly tapping a can-
tilever with a needle tip across the varying topography of a specimen. A detection laser
is fixed in space away from the oscillating cantilever, with the light incident onto the end
of the cantilever (just above the tip). As the tip is displaced due to changes in speci-
men topography, this displacement causes the detection laser to change its reflection
angle with the cantilever; this deflection angle is then recorded by a photodetector and
correlated with a measurement of specimen topography [225]. AFM achieves lateral
resolution using the ~ nm diameter of the probe tip and sub-nm axial resolution.

The AFM instrument utilised in this study was the Bruker Dimension FastScan. This
device is capable of 20 pm — 5 nm lateral resolution which depends on both the radius
of curvature of the probe tip and the deformability of the imaging object; e.g. a greater
portion of the arc length of the probe tip will come into contact with a highly deformable
object. In the axial direction, the instrument contains a dynamic range of ~ 2 um,
however the deflection of the cantilever can be tracked with a resolution of ~ 30 pm. In
order to corroborate the height measurement of the phonon probe, the FastScan was
used based on the following protocol:

270



1. the sample substrate was placed onto the specimen stage of the instrument and
secured with a vacuum contact.

2. the x/y stages and optical microscope portions of the instrument were manually
adjusted until the PS phantom appeared within the field of view and in focus.

3. the cantilever assembly was engaged to approach the substrate surface.

4. at a position adjacent to the imaging object, the position of the piezo z-stage
controlling the cantilever height was calibrated by performing line scans across
objects of known height: e.g. the 20 nm tall gold dots that populate the gridded
substrate (see Figures 6.9-6.10).

5. with the tip disengaged, the x/y stages were then zeroed to the apparent position
of the PS phantom centre. A scan was set up with the following parameters: scan
area of ~ 23.4 um x 23.4 um in steps of ~ 92 nm, and a scan rate of 0.2 Hz (final
scan taking roughly 30 minutes).

6. the tilt of the profile measurement was corrected in the post-process of the AFM
scan, and the minimum height of the measurement array was set to h = 0.

Due to the low dynamic range of this particular instrument, measurements were
only attainable for the shortest of the three PS phantoms imaged in this report (Figure
6.17). Since the absolute height of this object (measured through optical profilometry)
was still taller than the dynamic range of the AFM, only a relative height measurement
of the upper 2.25 um could be obtained. For additional discussion and comparison
between AFM and the phonon probe, see Section 6.4.2.
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