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CHAPTER ].

A Journey Through Light

1.1 Introduction

Light is an essential part of the universe and for most living things, it is one of the main avenues
we use to experience life. From the astonishing phenomena of sight to telecommunications to
probing the entire Universe, our utilisation and manipulation of light and its interactions has
not only helped us in our understanding not only biological evolution, but also the evolution
of the universe and everything in between. It is therefore of vital importance that we have an
understanding of the fundamentals of light and develop a model that can be used not only to
explain the current behaviours of light but also use its properties to predict and examine other
aspects of the natural laws of the Universe. We have a fairly robust understanding of light
classically, where we can regard light as a wave with fundamental properties of wavelength, am-
plitude, frequency, and constant speedﬂ Light particles also behave as a single energy packet,
termed photons, and our understanding of this has driven greater discovery into the interactions
of light, in particular absorption and scattering. We also have extensive knowledge of the inter-
actions of light and matter, merging special relativity and quantum mechanics with Quantum
Electrodynamics (QED) [4], giving us the most complete model of light and its interactions. Not
only that, but also we now realise that photons themselves are a mediator of the electromagnetic
force.

There is one property of light that we will focus on in this work, namely polarisation.
Polarisation is a fundamental property of light, both classically and quantum mechanically.
Classical properties arise from the oscillation of all transverse waves, and quantum mechanically
it comes from the spin and helicity of photons. Photons with different polarisation states are
intrinsically different, not only in how they behave and interact but also in how they are created.
A measurement of photon polarisation could reveal its origins, including the type of interactions
which resolved in its inception. This project is an exploratory work into the development of new
ways into polarisation detection. This could potentially pave the way for the development of
novel polarisation detectors from visible light to y-rays. Although polarisation detectors already
exist in the visible wavelengths, improvements can be made on their sensitivity, size, cost, and
complexity. We explore avenues into such ideas, using the biological process of polarisation
detection that animals have been using for potentially millions of years. As primarily a physicist,

“'Which shaped our understanding of special relativity



especially with roots in dark matter, I am motivated by the need for polarisation detection from
astronomical sources. Improvement of current methods could arise from the aforementioned
biological mechanisms of polarisation detection. Sensitivity to polarisation could potentially be
found in sea urchins. Furthermore, I am particularly interested in the development of a high
energy (X and v ray) polarisation detector. Such a detector does not currently exist for 7 rays
and even hard X-rays. I explore a potential new route of detecting the polarisation of high energy
photons. This would allow us to finally study the polarisation states of certain astronomical
sources and potentially solve the dark matter riddle as potential dark matter interactions may
produce polarised photons.

This thesis is split into 6 chapters. I will give an introduction into the interactions between
light and matter in with a special focus on the different types of scattering. I will
also introduce the fundamental properties of light and its polarisation and how it can affect the
interactions of light and matter. Next, I will delve into current methods of polarisation detection,
in the visible spectrum but also with an extension into higher energy options. I will also explore
the biological uses of polarisation in both air, land and sea based species with utilisations in
navigation, communication, predator prey identification amongst other. I will then finish with
a motivation on the development of a new type of high energy polarisation detector inspired by
dark matter interactions. In I will detail the work that was done on the investigation
of the response to polarisation of visible light by the larvae of sea urchins. They were studied
not only on their ability to detect light and polarisation, but also whether they had the ability
to differentiate between different polarisation states i.e. horizontal vs. vertical or right handed
vs. left handed. extends this work into adult sea urchins. Sea urchins undergo a
metamorphosis between the larval and adult stages of their lifecycle, giving them a completely
different structure and potentially a new photo-detection mechanism. Primarily, we wanted
to study whether potential polarisation sensitivity also existed for adult sea urchins. Three
species were tested with the help of the Scottish Association for Marine Science (SAMS) under
illumination of different light and polarisation regimes. These two projects involving adult
sea urchins and larvae were done with the development of a novel technology of visible light
polarisation detection in mind. This detector would be based on the mechanism that the sea
urchins use to detect the polarisation of light, motivated by their potential ease of production
and their massive decrease in size compared to current detectors. However, this detector being
biological based, would not be sufficient for higher energy photons such as X-rays and v-rays as
biological tissue would suffer structural damage in the face of such high energies. We addressed
this in with a new development of using gold nanorods to detect the polarisation of X-
rays. We tested for possible anisotropic scattering of polarised X-rays and aligned gold nanorods.
We found that the distribution of the scattered X-rays depended on the orientation of the aligned
nanorods compared to the polarisation direction of the X-rays. This phenomenon, in theory,
would be able to be used to infer the polarisation state of incident X-rays and potential y-rays,
paving the way into a new type of high energy polarisation detector. In fact, such detectors
are not only in rare supply, but are massive and costly. They also suffer from sensitivity issues
and have a limited energy range in which they function. Additionally, there does not currently
exist a functioning v-ray detector above 10 MeV. details some partial involving some
contributions to the experimental work done at the Australian Synchrotron. This was used
as experience training for my own synchrotron experiments. Finally I will finish with a quick

conclusion in [Chapter 6



1.2 Electromagnetic Radiation

Historically it was known that light has both wave-like and particle-like properties and two
competing theories emerged as a result.Newton’s corpuscular theory of light argued that light
is made up of many corpuscles or little particles. They travelled with finite velocity in straight
lines and light was viewed at the time to be very ray-like. He was able to explain properties
such as reflection and refraction in terms of particle interactions [5| with particles bouncing
symmetrically off a surface for reflection and that these particles are being attracted to a denser
medium being the cause of refraction. In fact, at that time, polarisation was supporting evidence
for the particle nature of light [6]. Not long after, however, Huygens proposed a wavelike model
of light |7]. Not only was he able to explain reflection and refraction in terms of waves, but he
was also able to propose a mechanism of diffraction and interference with the Huygens—Fresnel
principle |§8]. Through it, they were able to explain light propagation in terms of wavefronts,
and each point on a wavefront being itself a source of a new light wave. They were so successful
in their modelling that a wave-like nature of light was the main supported model for the next
two centuries. It wasn’t until very recently, through the works of Planck, Einstein, Bohr, de
Broglie amongst others, that championed quantum mechanics that we realise the wave-particle
duality of not just light, but of matter itself.

The wavelike properties of light can be explained by electromagnetism, where light propa-
gates through space as electromagnetic (EM) waves. EM waves are progressive transverse waves
that propagate due to an oscillating electric field (E) coupled to an oscillating magnetic field
(E) Unlike mechanical waves, EM waves do not require a medium to propagate. The luminif-
erous aether was briefly considered to be the medium of light, but this was debunked by the
Michelson and Morley experiment in 1887E||9|. Thus, light is the only form of energy that does
not require a medium to transfer through space. The oscillating E and B fields will in turn
induce oscillating Band E fields, as described from Maxwell’s equations, which allows for their
continued propagation. In fact, using his laws of electromagnetism, Maxwell was able to predict
the existence of the whole spectrum of electromagnetic waves as well as their speed, which he
also calculated to be fixed [10]. It is this propagation of the E and B fields which allows for light
to travel without the requirement of a medium as E and B fields also not require a medium to
exist. Maxwell’s calculated speed of light is as follows:

1

[Soy 2] (11)
¢ =299,792,458 m/s

C =

where the constants ¢ is vacuum permittivity and pg is the vacuum permeability. The E and
B fields oscillate perpendicularly to each other, and both are perpendicular to the direction of
propagation of the EM wave [11] (see [Figure 1.1)).

Electromagnetic waves exist as a continuous spectrum of wavelengths and frequencies, going
from radio waves, microwaves, infra-red, visible light, ultraviolet, X-rays and finally to ~-rays
(see . As the speed of light is constant, ¢ = A\ f, the wavelength, A, and the frequency,
f, of light are directly inversely proportional to each other. Radio waves thus have low frequency
and large wavelengths and on the other end of the spectrum, ~-rays have high frequency and

2The experiment obtained a null result, rather than a negative result
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Figure 1.1: Propagation of an electromagnetic wave, oscillations of the electric and magnetic
fields are perpendicular to each other and also perpendicular to the direction of propagation.

Figure 1.2: Electromagnetic Spectrum. Credit: NASA’s Imagine the Universe [12].

small wavelengths. The frequency of light is related to the speed of oscillation of their E and
B fields, and the wavelength is the distance of one cycle of their oscillations. Each EM wave
is also associated with an energy. This introduces the particle model of light, where light is
described as packets of energy called photons. Historically, the idea of a photon of light was
needed to solve the ultraviolet catastrophe [13]. For a blackbody, such as stars, the intensity of
the emitted blackbody radiation can be classically described using the Rayleigh-Jeans law.
2ckpT

By = Af (1.2)
where B) is the intensity of the blackbody radiation, c is the speed of light, kg is the Boltzmann
constamﬂ T is the temperature and A is the wavelength of the emitted light. From
we can see that as the wavelength A approaches 0, the intensity of the emitted blackbody
radiation approaches infinity. In fact, as the wavelength of the emitted light reaches the UV

31.380649 x 10723 J/K



wavelengths, the intensity of radiation emitted, and thus the energy emitted, approaches infinity
(see . This is clearly unphysical, and at the time was a huge black mark against the
classical wave-like treatment of light. It was not until Max Planck came up with the idea that
light existed as separate quantised energy packets, rather than a continuous source of energy,
that this problem was solvedlﬂ Planck described light as packets of energy with their energies
related to their wavelengths: [14]:

E=hf
he (1.3)
E=7%

where h is Planck’s constan*ﬂ Using this, the emission intensities of for a blackbody is modified
to be:

2hc? 1
N6 ghe/3ksT _ |

By = (1.4)
From [Equation 1.4 we can see now as, A approaches 0, the limit of By also is 0 and thus, solving
the ultraviolet catastrophe.

This brings together the idea of wave-particle duality for a model of light, with light having
both wave-like and particle-like properties and has been extensively studied since the idea’s
conception [15H19].

1.3 Light Interactions with Matter

The interactions of light and matter are fundamental in how we perceive the universe. The
reflections of light off materials give rise to their colour and the absorption of light by our
photoreceptors allows us to see those objects. And that is just the visible spectrum. Many
modern technologies rely on understanding and using the interactions of light and matter such as
wireless communication 21|, imaging and sensing [22-26], medical treatments [2729], renewable
energy [30], spectroscopy [31} 32|, astrophysics [33H35] and many more.

The fundamentals of light and matter interactions boil down to four main types of inter-
actions; absorption, emission, transmission, and reflection [36]. However, for the purposes of
this work, we will focus on the absorption of light and the scattering of light, which involve the
absorption and re-emission of light.

Absorption

When a photon is incident on an atom, it is possible for the photon to be absorbed by an atomic
electron. The electron absorbs all the energy of the photon E = hf as partial absorption cannot
occur, and is excited to a higher energy orbital. Only photons that correspond exactly to the
energy difference between two electron orbitals are absorbed [37] with;

hf = By — By (1.5)

4In fact Max Planck first didn’t believe his model of the quantised nature of light
56.626 x 1073* Js
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Figure 1.3: Ultraviolet catastrophe using a classical treatment of light results in infinite
emitted energy at the UV wavelengths of a blackbody. Credit: TAU OAE/Niall Deacon [20].

Figure 1.4: Absorption (botton) and emission (top) spectra of hydrogen. Credit CESAR |39].

where F7 and Fs are the energies of the electron orbitals and h is Planck’s constant and f is
the frequency of light as stated before. Thus, a particular atom can only absorb photons of
certain wavelengths, which gives rise to the absorption spectra as first described by Niels Bohr
for hydrogen [38]. In the same vein, the emission spectra of an atom is the opposite process,
where excited electrons fall from a higher orbital back into its original electron shells. Thus,
the wavelengths of the absorption and emission spectra match exactly. showcases the
absorption and emission spectra for hydrogen. Note that the absorption and emission lines line
up at the same wavelengths, giving credence to Bohr’s model of the hydrogen atom.



If the incident photon has high enough energy, i.e. greater than the binding energy or the
work function of the electron strikes a material, then it would be possible for electrons to be
emitted from the surface. This process is known as the photoelectric effect [40]. Once again, the
energy transfer of the photon to the electron has to be complete, and it cannot be partial. This
phenomenon was famously used by Einstein to explain the quantum nature of light, since only a
photon with sufficiently enough energy would be able to create photoelectrons [41]. In addition,
the kinetic energy of the photoelectrons did not depend on the intensity of the incident light, it
only depends on the energy of the photon and the work function of the material with;

Eelectron = hf - ¢ (16)

where Fejectron 1S the kinetic energy of the photoelectron and ¢ is the work function of the
material.

Rayleigh Scattering

Rayleigh scattering occurs when the photon energy is small compared to the ionisation energy
of the atom or when the diameter of the atom is smaller than a tenth of the photon wavelength
[42]. Rayleigh scattering is most famously responsible for giving the sky its blue colour. For
larger objects, the elastic scattering process is described by Mie scattering [43]. Classically,
Rayleigh scattering occurs when an incident photon collides with a strongly bound atomic
electron. The electron begins to oscillate with the same frequency as the incident radiation.
This in turn causes the now oscillating electrons to re-emit radiation with that same exact
frequency. Because the frequencies of the incident and emitted photons are identical, they have
the same energy. As neighbouring atoms oscillate in sync with each other, the emitted photons
have the same wavelengths and frequencies, and so the scattering light from a sample is known
to be coheremﬂ and has the ability to form interference patterns.

Treating a particle as a dielectri(ﬂ sphere of radius 7 and relative permittivity eﬂ the proba-
bility that the sphere scatters a photon at angle 6 is determined by the differential cross section
dJRayleigh(e) with:

dQ

doRayleigh(0) 121 4 (€ —€o 2 5
= 1 0 1.7
a0 5 " \crag) (1Hees™0) (1.7)

where ¢p is the permittivity of a vacuum and ng is the refractive index of the medium [44], A is
the wavelength of the photon, and €2 is the solid angle. Integrating over the solid angle ) we
can obtain the total cross section for unpolarised light:

8w [ 2mng 4 6 €E—¢€0 2 (1.8)
ORaylei = 5 r .
Rayleigh 3 A € + 2¢9
with intensity of the scattered light being;
2mng \* ¢ e—eo \?
TRayleigh = lo [ —2 ) — °) @ 29 1.9
Rayleigh 0< \ ) 22 <6+260> (1 + cos” 6) (1.9)

6same frequency, wavelength and phase

"high polarisability
8dielectric constant



Figure 1.5: Rayleigh scattering of unpolarised light results in fully linearly polarised light
when the scattering angle is 90° and is partially linearly polarised at other angles. Credit:
Izaak Neutelings [45].

with Iy being the intensity of the incident light and d being the distance between the particle
and the detector.

The polarisation of photons is also important in Rayleigh scattering as scattered light that
is perpendicular to the direction of the incident light is fully linearly or plane polarised. The
scattering of light at other angles is partially linearly polarised. The polarisation of the scattered
light is also perpendicular to the direction of propagation of the incident and scattered photons

(see [Figure 1.5]).

Raman Scattering

Whilst Rayleigh scattering is elastic, Raman scattering, on the other hand, is inelastic. In
Raman scattering, the photon is first absorbed and re-emitted with a change to its energy [46].
The Raman effect involves the vibration energy of the molecule with which the photon interacts,
which causes a splitting of the quantum electronic energy levels and also the same splitting of
the virtual electronic orbital levels. Unlike defined electronic orbital energy levels, which are
fixed and quantised, these virtual states are continuous and are determined by the energy of
the source radiation and are not restricted by the energies of the real molecular quantum states
[47].

The excitement of the electron from the ground states is still governed by the energy dif-
ference between the two real quantised energy electron orbitals. Once excited, a ground state
electron is excited into the first excited energy level. This electron can fall back into its original
ground state and release a photon that has the same energy as the original incident photon,
resulting in Rayleigh scattering. However, the electron can also enter an excited vibrational
energy state of the ground state, so the energy difference between these two electronic states is
no longer the same as the energy difference between the original two energy levels. Therefore,
the released photon would have a different energy and thus also have a different wavelength
(see . This is known as Stokes scattering, where the emitted photon has less energy

8



Figure 1.6: Raman Scattering showing Stokes and Anti-Stokes scattering [50].

and a longer wavelength and causes a redshift [48] to the light. Anti-Stokes scattering can also
occur when a ground-state electron that is already in an energised vibrational ground state is
excited to an energised vibrational first electronic state. The molecule can then relax, which
would cause the electron to fall back into an unenergised ground state, once again releasing a
photon with an energy different from the original photon, this time with a higher energy and a
shorter wavelength, or a blueshift [49].

The result of this is that the wavelengths of the Raman scattered light can continuously
change with the wavelength of the incident light. The Raman effect is inherently weaker than
Rayleigh scattering (1,000 to 10,000 times weaker) [51].

Similarly to Rayleigh scattering, Raman scattering is also sensitive to polarisation as it
depends on the direction of molecular vibrations [52|. Light is preferentially absorbed if its
polarisation is parallel to the vibration of the molecule. Hence, looking at the depolarisation
ratio or the intensity of the parallel polarised light against the perpendicularly polarised light
can give information about the molecular vibrational modes.

Thomson Scattering

Thomson scattering is the elastic scattering that occurs between an electromagnetic wave and
a charged particle that is not bound to an atom, or, in other words, a free electron. During
the scattering process, the photon exchanges momentum with the charged particle, which then
causes it to recoil. When the energy of the photon is comparable or greater than the energy of
the particle, this recoil changes the momentum of the particle, and this is known as Compton
scattering (see . When the photon energy is much lower than the particle energy,
the momentum of the particle is conserved [53] (seeFigure 1.6). Note that this is an extremely
simplified view of Thomson scattering, where in reality, some energy and momentum will always
be exchanged from the photon to the electron. Thus, Thomson scattering is the nonrelativisti(ﬂ

9Low energy



limit of Compton scattering and occurs when hf << mc?. Here h is Planck’s constant, f is the
frequency of the photon, and m is the mass of the particle [54].

We will begin with a classical interpretation of Thomson and Compton Scattering. However,
for a complete picture, Thomson scattering as well as Compton scattering are described by
quantum electrodynamics. We will go through those derivations later in this chapter and show
how to obtain the classical results from the quantum field theory formalism, linking the two
together.

Classically, Thomson scattering can be viewed as the scattering caused by the Coulomb
force between the charged particle and the electromagnetic field of the incident photon. The
differential cross section of Thomson scattering for unpolarised or randomly polarised light

daTIlomson .
————— for a free electron is:

dQ)
dUThomson 2 ) 1.1
dQ = Telectron St 1/’ ( . O)
e
where 7T¢lectron = 42 is the classical radius of an electron and v is the angle made by
TEGMC

the scattered photon and the acceleration on the electron [55|. For a polarisation vector of the
photon é and the direction of the scattered photon 7, we have é x n = cos. Letting k be the
direction of the incident photon, we can choose a coordinate basis with unit vectors é,iﬂ and
¢ x k. This means that 7 can be defined as the following:

7 = sin ¢ cos 0é + sin 0 cos ¢é x k + cos ¢k (1.11)

where ¢ is the angle subtended by the direction of the incident photon and the angle of the
scattered photon. and 6 is the azimuth angle that specifies the polarisation vector in the plane
perpendicular to k. It can be now shown that:

cosy) = é X i = cosBsin @ (1.12)

sinty = 1 — cos? fsin ¢ (1.13)

Since this is for unpolarised light, we need to average out over all possible polarisation giving
us:

sin? 1 = 1 — cos2 fsin’ @

sin? 6
=1- 5 (1.14)
1+ cos? 0
2
Thus, the differential cross section for unpolarised Thomson scattering is:
d -
0 Thomson _ TglectronSin27/1
2 (1.15)
9 1+ cos?0
= Telectron#

107‘electron = 2.818 x 10715 m

10



Integrating over the solid angle of the polar angle 8 and the azimuthal angle ¢ we get:

27 ™
dUThomson .
O Thomson = S0Thomson i1\ 9dfd¢h
/o /0 d

8, (1.16)

- 3 Telectron

= 6.65 x 10~ 2%m?

We can see from [Equation 1.15|that the Thomson cross section is independent of the photon
energy.
The Thomson cross section of a charged particle with charge ¢ and mass m is:

8 2 \?
OThomson — l (q> (117)

3 \dmregmc?

Thus, the Thomson cross section for protons and other heavy charged particles such as nuclei
is negligible when compared to electrons and their masses are approximately 2000 times greater
than that of the electron.

The permittivity of free space €g in natural units is:

2

e
€= —— 1.18
0= (1.18)
and so the Thomson cross section for an electron in natural units is:
81 a?
O0Thomson — ?W (119)

Compton Scattering

In the instance where the incident photon’s energy is comparable or greater than the energy
of the charged particle with which it interacts, i.e. hf > mc?, Compton scattering may occur.
Unlike Thomson scattering, Compton scattering is inelastic, meaning that the energy of the
scattered photon is different from that of the initial photon. In the case where the energy of
the photon is greater than the energy of the particle, the scattering photon imparts some of its
energy to the particle. The scattering photon thus has lower energy and a longer wavelength
compared to the incident photon, and the recoiled particle now has gained the same amount
of energy that the photon has lost. In the instance where the charged particle started with
more energy than the photon, the opposite occurs where the scattered photon gains energy.
This process is known as inverse Compton scattering |[56]. The change in the wavelength of the
scattered photon is known as the Compton shift.

Whilst Compton scattering could theoretically work with any charged particle such as the
proton, the majority of instances where Compton scattering occurs are with free electrons,
partially due to their abundance and lifetimes compared to other charged particles. For the
following derivation I will introduce the concept of 4-momentum. This allows use to write
out the energy and classical 3-momentum (relativistic momentum in 3 dimensions) together
as a 4-vector s.t. the 4-momentum p = (E/c,p) where E is the energy of the particle, and

—

P = (psz, Py, P=) are the spatial relativistic momenta.
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Figure 1.7: Compton scattering of incident photon with 4-momentum k with a stationary
electron with 4-momentum p. After collision, the photon scatters at an angle of 6 with a
4-momentum of k’ and the electron scatters with a 4-momentum of p’

When an incident photon with 4-momentum k = (E,/c,p’) interacts with an electron at
rest with 4-momentum p = (m.c, 6), the photon scatter off the electron at some angle §. The
4-momentum of the scattered photon is now k' = (E./c,p}’) and the 4-momentum of the
scattered electron is p’ = (E!/c,p.’). In this system, we have conservation of 4-momentum.
This is another way of saying conservation of energy and momentum. Since the photon scatters
at angle 6 we have:

py -y = 05 1py | cos @ (1.20)
From conservation of 4-momentum we have:
WA
kkaf ; ];, J_r;) (1.21)
Squaring both sides leads to:
=2k K +k?=p?—2p - p+p? (1.22)

We define the inner product using the Minkowski (flat space-time) metric s.t. for x = (zg, 21, 2, z3)
and Y= (yOa Y1, Y2, ?J3)

Ty =ToYo — T1Y1 — T2Y2 — T3Y3 (1.23)
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We can use k* = k- k = E2/c 2 = mic®. my is the rest mass of the photon which is 0.
Thus, we have k% = 0 and also E,Y / "= p,y2. Similarly, we have p* = m . We also find that
k" = 0 and p? = m2c2
Plugging these values back into |[Equation 1.23| we can obtain:
—2k -k =2m2ct —2p' - p
E-k =p -p—m2c?

/
E\E, 5o = Bl 2 (1.24)

EE!
2

—|p3||P | cos @ = Elm, — mZc?

We can now use |p}| = E.,,/c for photons to obtain:

E,E, 2 2
(1 —cosf) = E;m. —mZc (1.25)

c

We can now use conservation of energy to see that

E.=FE.+FE,— E; (1.26)
Putting this into [Equation 1.25|and using F. = me.c?, we can get:
E.FE!
%(1 —cos) = (B, — E)m, (1.27)

Here we can use E., = hc/) to finally obtain:
h? 11
W(l —cosf) = he ()\ - X) Me

he (1.28)

N —A=—(1-cosb)

e

AX =X (1 — cos )
Here A\ is the Compton shift of the photon and A\, = 2.43 pm is the Compton wavelength

of an electrorﬂ From we can see that the maximum Compton shift occurs when
6 = 180°, i.e. the photon scatters back in the direction of the incident photon and the minimum
Compton shift occurs when the photon is not deflected. For the Compton effects of photon
collisions with other charged particles, the rest mass of the electron m, can be replaced with
the rest mass of the charged particle. However, for protons and atomic nuclei, the effect is > 4
orders of magnitude lower and thus can be ignored.

Quantum Field Theory formulation of Compton Scattering

For a proper derivation of Compton scattering we must look towards the quantum electrodynam-
ics (QED) of electron photon interactions described in quantum field theory (QFT). A Compton
interaction can be described by the Feynman diagrams shown in

U'Wavelength of a photon that has equal energy to the rest mass of an electron

13



(a) s-channel (b) u-channel

Figure 1.8: Tree (Lowest) Level Diagrams for Compton Scattering.

Feynman Rules

To find the cross section of these interactions, we need to calculate the matrix elements M. For
that we can use the Feynman rules on Feynman diagrams. I will not go through all the Feynman
rules, just the necessary ones required for this calculation. The matrix element can be calculated
by looking at the incoming and outgoing particles for each vertex on a Feynman diagram. The
contribution of each vertex is multiplied together to obtain the final matrix element. Each
contribution is listed in the following:

For a fermion, such as e, with momentum p heading into a vertex, multiply by u(p).
For n fermion with momentum p, heading away from a vertex, multiply by @(p).

For each vertex multiply by —ievy"

For a photon v with momentum k, heading into a vertex multiply by €, (k)

For a photon v with momentum &, heading away from a vertex multiply by €, (k)

For a fermion propagator (between vertices) with momentum p and mass m, multiply by

i(p+m)

p2 —m?2

with u and e being the polarisation vectors of the electron and the photon respectively. Addi-
tionally, v* are the Dirac matrices with:

Yy =41y (1.29)

where 14 is the 4 dimensional identity matrix. p is the Dirac slash notation with:

P=7"pu (1.30)
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Cross Section Calculation

We can use the aforementioned Feynman rules to write out the matrix element M with for the
s-channel with:

i(p+ K +m)

iM = () (—ier )L ()

(—ier” e (k)u(p) (1.31)
where €, (k) and €, (k") describes the polarisation vectors of the initial and final photons. The
matrix element for the u-channel can be written out similarly with:

i(p — ¥ +m)

M= el (i) g e

(—iey")ep, (K )u(p) (1.32)

The total matrix element is just the addition of [Equation 1.31] and [Equation 1.32| to obtain:

VP+E+m)y AP — K+ m)yr)
(p+ k)2 —m? (p— k)2 —m?

To simplify [Equation 1.33| we note that p*> = m? and k? = 0 as the mass of the photon is 0,
which means that:

iM = —ie*e (K e, (k)u(p)

m

u(p) (1.33)

(p+k)? —m?=2p-k

1.34
(p—k:’)2—m2:—2p~k/ ( )
We can also show, using Dirac algrebra, that:
(P +m)y"ulp) = (2p" —7"p +~")ulp)
= 2p”u(p) — 7" (p — m)u(p) (1.35)
= 2p”u(p)
Using [Equation 1.34] and [Equation 1.35 we can simplify to now obtain:
, o o [ 2t 2y
iM = —ie“e;, (K )e, (k)u(p') [ T o W u(p) (1.36)

We want to sum over the electron (u(p)) and photon (e,(k)) polarisations with:
> ulpup)=p+m (1.37)
polarisations
and
Z €60 = —Guv (1.38)
polarisations

where g,,,, is the metric tensor and for a flat spacetime metric (Minkowski metric):

-1 0 0 O
0 1 0 O

Juv = 0 01 0 (1.39)
0 0 0 1



Now finally we are able to sum over the polarisation states of the electron and the photon, giving
us:

Y A 29 A H A = 2t
1 Z |M } gupgvv' r{(z/—i—m) [ 2 k + 2 K
* e . (1.40)
YT EYP 4+ 29707 APHAT = 297p?
(]ﬂ-i—m)[ 2p - k * 2p - kK’

B ¢ D } (1.41)

I =G { @ k2 @ B)p F) | p )EpF) | (2 )2

SplllS

where A, B, C and D are substituted for the traces. For the traces B = C' and A is the same as
D but with & replaced by —k’.
For A we have:

A=t [(f +m)(YFry” + 29p") (P + m) (v Ky + 27,pn0)]

1.42
=16(4m* —2m?p - p' +4m’k -k —2m*p -k +2(p- k)’ - k)) (1.42)
To simplify further, we can introduce the Mandelstam variables defined as:

s=(p+k)?=2p k+m?=2 -k +m?
=@ -p)?=-2p-p +2m* =2k - ¥ (1.43)
u= (k' —p)*=-2k"-p=—2k-p' +m?

Using we can obtain the following:
1
A=16 <2m4 +m?(s —m?) — 5(5 —m?)(u — m2)> (1.44)

Then we can switch k with —k’ to get:

D=16 <(2m4—|—m2(u—m2) - ;(s—mQ)(u—m2)> (1.45)
And we have:
B =C = —8(4m* + m?(s — m?) + m*(u — m?)) (1.46)

We can put A, B,C and D back into to finally obtain:

-k 1 1 1 1 \?
1 2| _ 9,2 2f L af L L 14
Z!M| 2e l + 2 oF T m <p'k p.k,)—&-m (p.k p.k,>] (1.47)

spms

To turn it into a cross section, we have to chose a frame of reference. We chose the lab frame
where the electron is initially at rest with a 4-momentum p = (m,0,0,0). It is struck by an
incident photon travelling in the z direction with a 4-momentum k& = (w, 0,0, wZ2). After collision,
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the photon scatters at some angle § with a new 4-momentum k' = (w',w’sin6,0,w’ cos#) and
imparts some energy and momentum to the electron such that its new 4-momentum is p’ =

(E',p") (see|Figure 1.7). We also have:
m? =) =@+k-kK)?=p*+2p-(k—Fk)—2k-¥ (1.48)
=m? +2m(w — ') — 2ww'(1 — cosh) '

and we can obtain

= %(1 —cos ) (1.49)

SN

1
W'
. 1 . . . .
We can see that with A = — for a photon with momentum w in Natural units we obtain:
w

1
N—=A= E(l—cos@) (1.50)

which is just the Compton shift formula (Equation 1.28)) in Natural units.
We can also use [Equation 1.49|to solve for w’ with:

’ w

=~ 1.51
“ 1+ 2(1—cosh) (1.51)

to give us the phase space integral in the lab frame:
BE 1 &3y 1
dlly = — —@2m)*(K +p —k—
/ 2 / ) 2w @y 7 2T O P P)
B / (W)2dw'dQ 1
N (2m)3  4w'E’

_/dcos@ w’ 1 (1.52)
B 21 AE |1 4 wiost| '

x 218 (W' 4+ /m?2 + w? + ()2 — 2ww’ cosf — w — m)

1 w'

=— [ dcosf
871'/ o8 m + w(l — cosb)

1 \2
= —/dcos@ﬂ
8 wm

where 0 is the Dirac-Delta function and €2 is the solid angle. Using [Equation 1.52] we can find
an expression for the cross section ocompton for Compton scattering:

2
docompton _ 1 11 (W) izp\/ﬂ (1.53)

dcosf w?2m 8m wm -
spins

1
1 Z |M2‘ is from [Equation 1.47|noting that p -k = mw and p- k' = mw’ to obtain:

spins

dgCompton ma? (W 2 w' w . 2
Tdeost ~ mZ\w) |w T Y (154)

17



where « is the fine structure constant. This is the Klein-Nishina formula which details the
differential cross section of photons scattered from a single free electron.

We see that in the limit of low photon energy such that w — 0, we have, from [Equaftion 1.5
w'/w — 1 and the cross section becomes.

doCompton T
ﬁ = W(I‘FCOSZ 9) (155)
which gives
8mra?
Ototal = 3Im2 (156)

which is the classical Thomson scattering cross section off an electron as seen in[Equation 1.19

Pair Production from Nuclear Interactions

When the energy of a photon exceeds twice the rest mass energy of an electron, that is, hf >
2moc? = 1.022 MeV, it becomes possible for the photon to be transformed and create an electron
and positron pair [57]. As energy and momentum need to be observed, a single photon cannot
spontaneously decay into an electron and a positror@

The electron-positron pair produced will travel in opposite directions in the electron-positron
rest frame, and, as they have exactly the same mass, their total momentum must be zero.

E
However, the momentum of a photon is p = —, which would require the photon energy to be
c

0 to have zero momentum. Thus, in a vacuum, two photons with momenta equal in magnitude
but opposite in direction are required such that:

k1 + ky = P + 7, (1.57)

where El and ko are the momenta of the photons and p, and p, are the momenta of the electron
and positron respectively.

However, in the presence of an atomic nucleus, Z, a virtual photon can be created, which
would allow the decay of this virtual photon and a photon into an electron-positron pair [58]
(see . The cross section of pair production near an atomic nucleus in the relativistic

limit is:
o o aryZ? (1.58)

2

. . . . . e” .
where Z is the atomic number, r. is the classical electron radius and a = Tre e is the fine
TTEQ NC

structure constant [60]. The cross section of photon-matter interactions as a function of photon
energy and atomic number can be seen in dominates photon-matter interactions.
When a threshold energy is reached, Compton interactions start to occur, and its cross section is
relatively constant for photon energy afterwards. However, as the atomic number increases, the
Compton scattering for inner shell electrons also increases [61]. Above the threshold energy of
1.022 MeV, pair production becomes possible and increases approximately with the logarithmic
of the cube of the photon energy and the square of the atomic number.

12 Antimatter version of the electron
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Figure 1.9: A cartoon showcasing the pair production process of a photon near an atomic
nucleus, Z . The real photon interactions with a virtual photon created by the nucleus,
which allows it to decay into an electron and positron, provided the photon energy is greater
than twice the rest mass energy of an electron.
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Figure 1.10: Photon matter interactions as a function of photon energy and atomic number.
Credit: Hans Bichsel and Heinrich Schindler [57].
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1.4 Polarisation

The wave description of light are synchronised, coupled fluctuating electric and magnetic fields,
which self propagate through space The direction of oscillations of the electric
and magnetic fields as well as the direction of propagation are all orthogonal to each other.
The polarisation of light is usually defined as the direction of its electric-field oscillation, or its
E-vector.

For any given direction of light propagation, the only conditions on the oscillations of the
electric and magnetic fields are that they must be orthogonal to each other and also the direction
of propagation. Thus, for light propagation in a specific direction, its E-vector can be any
direction on a plandﬂ A random distribution of E-vectors in that plane for a beam of light is
said to be unpolarised.

There are three types of polarisations; linear, circular, and elliptical (see . To
understand the different polarisations of light, we can think of splitting the electric field oscil-
lation vector into its two orthogonal components. Without loss of generality, we will set these
two components as the horizontal and vertical components. Both components can oscillate
independently of each other, with their own phase and amplitude; however, their periods are
the same. Linear polarisation occurs when the amplitude of one of the components is set to 0.
For horizontally polarised light, the amplitude of the vertically oscillating electric field goes to
0, and vice versa for vertically polarised light. Linear polarisation in any direction in between
the horizontal and vertical directions is caused by both the horizontal and vertical electric field
components being in phase and non-zero.

In the case where the vertical and horizontal electric fields have equal amplitudes but are
out of phase by 90 degrees, the light is said to be circularly polarised. This occurs because the
magnitude of the electric field is strongest for the vertical component when the magnitude of
the horizontal component is at its weakest. Over time, the vertical component decreases, whilst
the horizontal component increases until the magnitude of the horizontal component is at its
maximum, with the vertical component at its minimum. This cycle repeats continuously. If one
were to look directly at the source of light, it would appear that the electric field is rotating
in a circle, giving rise to a rotational E-vector and thus to circular polarisation. This rotation
may appear to be clockwise, which would result in left-handed circular polarisation, or counter
clockwise, which results in right-handed circular polarisation.

In the instance where the horizontal and vertical electric fields are out of phase by 90 degrees
but their maximum amplitudes are not equal, instead of a circular rotation, the electric field
would appear to trace out an ellipse. This is known as elliptical polarisation of light, and once
again there are two modes, namely right-handed and left-handed elliptical polarisations. This is
the most general polarisation state of light, with linear and circular polarisations being special
cases of elliptical polarisation [62].

A mathematical description for the polarisation of light can be characterised by four intensity
parameters, introduced by George Gabriel Stokes [64], known as the Stokes parameters. The
two orthogonal components of the electric field, in the (Z, §) basis, described previously, can be

13 The plane is perpendicular to the direction of propagation
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Figure 1.11: Linear, circular and elliptical polarisation modes of light. Credit: Ali Siblini [63]

expressed as:

E, = Eg, cos (wt — kz — d,),

1.59
E, = Ey, cos (wt — kz — dy) (1.59)

where Ey, and Ey, are the maximum amplitudes of their respective electric fields, w is the

2
angular frequency, k = 2T is the wavenumber, and d, and §, are the phases, with § = 6, — d,

being the phase difference.
With that in mind, we can define 4 parameters Sy, S1, 52 and S35 as the following:

So = Ej, + Eg,
Slzzﬁﬁw-ﬁgy

(1.60)
SQ = 2E01E()y cos 0
Sg = QEQzEOy sin §
We can also see that
S5 =St + 55+ 53 (1.61)
These four Stokes parameters can be combined to form the Stokes vector [65]:
So 1
g_|S|_[@
S = s |= v (1.62)
Ss Vv

where I = Sy can be seen as the summation of the intensity of x and y components of the
electric field and thus is the total intensity. () can be interpreted at the polarisation in the
Z and ¢ directions. When Egm =1 and Egy = 0, there is an electric field oscillating only in
the x direction and is thus horizontally polarised. When Egz = 0 and Egy = 1, there is an
electric field that oscillates only in the y direction and is only vertically polarised. Therefore,
we can see that () = 1 for horizontally polarised light and () = —1 for vertically polarised light.
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U can be seen at the mixing of the two linearly polarisation modes, with ¢ being the phase
difference between the two electric field components Ey, and Ey,. For linear polarisation, the
phase difference is 0, i.e. 6 =0 or § = 7, with Fy, = Fyy = 1/\/5 Thus we have U = 1 being
linearly polarised in +45° and U = —1 being linearly polarised in —45°. The values of @Q and U
between describe elliptical polarisations. Together, @) and U describe the shape and orientation
of the polarisation ellipse, taking up values between 1 and —1. V is related to the chirality of
the polarisation vector and can also be described as V = Ej,. — E3, where E3, is the intensity of
right-handed polarised photons and E3, is the intensity of left-handed photons. Thus, we can see
that V' =1 for right-handed polarisations and V = —1 for left-handed polarisations. Together,
these four vectors describe all possible polarisation modes of the light and can be illustrated on
a Poincare spheré [66] (see [Figure 1.12). [Equation 1.63| summarised the Stokes parameters for
special cases of polarisations, noting that I = Q% + U? + V2.

(1,1,0,0) Horizontal Linearly polarised
(1,—1,0,0) Vertically Linearly polarised
(1,0,1,0) Linearly polarised at + 45°
(I,Q,U,V)=4(1,0,—1,0) Linearly polarised at - 45° (1.63)
(1,0,0,1) Right-handed Circularly polarised
(1,0,0,—1) Light-handed Circularly polarised
(1,0,0,0)  Unpolarised

1.5 Polarisation of light

Unpolarised light can be polarised through its interactions with matter, and have led to the
development of polarisers, which are optical filters which only lets through a specific polari-
sation of light through, thus turning unpolarised light into polarised light. There are several
mechanisms that allow for the polarisation of electromagnetic waves including; dichroism, bire-
fringence, reflection and scattering [68]. As we have already talked about how scattering can
lead to polarisation, thus we will now focus on the other three methods.

Dichroism

Dichroism is the phenomenon where the absorption of light in a material is dependent on its
polarisation. This is possible since the horizontal and vertical polarisation components have
different extinction coefficients. Dichroism can only occur in anisotropic systems, where the
anisotropic molecular arrangement of the material changes its absorption coefficients [69]. The
main process by which light is absorbed as it passes through a material is by atomic electrons
of the material. The polarisation of light determines its electric field oscillations, and the
electrons that absorb light also pick up such oscillations. Thus in materials where one direction
of electron oscillation is preferred over another, one polarisation of photons is preferentially
absorbed, leading to linear dichroism [70]. Common dichroic materials including Polaroid sheets,
which uses herapathite crystals [71] and liquid crystals |[72]. The degree of linear dichroism (LD)
is defined to be:

LD=A— A, (1.64)
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Figure 1.12: Poincare spheré showing the polarisation states, described by a sphere with radius
So or I and axes of {S1, 52,53} or {Q,U,V}. Credit: Thorlabs
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Figure 1.13: (a) Linear dichroism. (b) and (c) Circular dichroism [69]. This showcases that a
material biased towards a particular polarisation will only allow that polarisation to be
transmitted and absorbs light with all other polarisations. Credit: Schattschneider et al. |73].

where A is the absorption of linearly polarised light in a parallel direction and A, is the
absorption of linearly polarised light in a perpendicular direction. Materials that exhibit circular
dichroism (CD) also exist, being composed of chiral molecules. The chirality of an object is the
property that its mirror images cannot be superimposed on each other, handedness being a
prime examplﬁ Materials with CD absorb one circular polarisation mode more than the
other mode, with the degree of CD being:

CD = |4 — A, (1.65)

where A; is the absorption of left-handed polarised light and A, being the absorption of right-
handed polarised light. The two types of dichroisms (LD, CD) can be seen in [Figure 1.13

Birefringence

Birefringence is the property of a material having a refractive index that changes with the po-
larisation and propagation directions of light. Light propagating through a birefringent material
will be decomposed into its two linearly polarised orthogonal components, one parallel and one
perpendicular to the optical axis [74]. Light propagating along the optic axis will experience the

M1 eft-handed and right-handed being used to describe the orientation of chiral objects
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Figure 1.14: Birefringent material showing refractive indices dependent on the polarisation of
the incident light. Credit: Sherif Hindi [79].

ordinary refractive index (n,) which is polarisation independent. In contrast, light propagating
perpendicularly to the optical axis will experience a refractive index that is dependent on its
polarisation, called the extraordinary refractive index (n.) (see|Figure 1.14)). Birefringence, like
dichroism, is caused by the anisotropy of the molecular arrangement and molecular shape in a
material. This causes light that is polarised parallel and light that is polarised perpendicularly
to the optical axis to travel through the material with different velocities, as caused by different
absorption and re-emission of light . The refractive index is related to the speed of light
through a medium by:

n= (1.66)
where n is the refractive index and v is the speed of light in that medium. This is the cause of
the different refractive indices for birefringent materials. Birefringent materials include certain
uniaxial crystals, such as borate |76] and liquid crystals .

The end result is a phase shift between the two components. In materials where the phase
shift is exactly 90°, incident linearly polarised light will be outputted as circularly polarised
light. These are known as quarter-wave plates and are used to convert linear polarisation to
circular polarisation and vice versa [78].

Reflection

Light can also be polarised via reflection. Reflection of light occurs when light is incident upon
a smooth surface with a different refractive index and bounces off at the same angle. Reflection
is caused by the motion of electrons in the medium as a result of the absorption of incident light.
The oscillations of the electrons can emit an EM wave in any direction except for the direction
of its oscillation. Thus, the reflected beam of light will depend on the motion of the dipoles
in the material from the incident beam. As the reflected angle and the incident angle must
be the same, there is an angle where only polarisations that are normal to the incident plane
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Figure 1.15: Reflection at Brewster’s angle causing the reflected ray from a unpolarised beam
to be polarised. Additionally a beam polarised parallel to the incident surface will not be
reflected [82].

or parallel to the surface can be reflected, with the reflected ray being completely horizontally
polarised, or polarised parallel to the surface [80]. This angle is known as Brewster’s angle, with
the condition that the reflected and transmitted rays are perpendicular [81] (see [Figure 1.15).
Brewster’s angle 6 is defined to be:

fp = arctan 2 (1.67)
ni

where n; and no are the refractive indices of the two media. Reflections at any other angle will
result in partially polarised light.

1.6 Polarisation Detection

Visible spectrum

Current methods for detecting polarisation for visible light involve the use of adjustable polar-
ising films [83], polarisation diffraction gratings [84], birefringent materials [85], among others.

The basic principle is to use a polarising filter on polarised light. A polarising filter only
allows light with polarisation parallel to the filter through, whilst blocking light polarised per-
pendicularly. For unpolarised light, it cuts the intensity by half:

1
1=l (1.68)
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where Iy is the initial intensity and I is the intensity of the transmitted beam. When a beam
of polarised light hits the filter, the amount of light that passes through it is determined by the
angle between the filter and the polarisation of the EM wave, known as Malus’s law [86]:

I = Iycos® (1.69)

where 6 is the angle subtended by the E-vector of the EM wave and the polarising filter. From
Malus’s law we can clearly see that when 6 = 0° i.e. the polarisation is parallel to the filter,
the amount of light let through is at its maximum. When 6 = 90°, i.e., the polarisation
is perpendicular to the filter, no light is let through. Thus, the polarisation of light can be
determined by measuring the intensity of polarised light passed through a polarising filter, whilst
rotating the filter and noting orientation of the filter for the maximum intensity passed through.
That orientation is also the polarisation of the beam. Circular polarisation can be measured
using circular polarising filters or converting the circular polarisation into linear by passing it
through a quarter-wave plate. This can convert circular polarisations to linear polarisations and
then the same principle of measuring linear polarisations can apply.

X-rays and vy-rays

Such methods, unfortunately, do not work for high-energy photons such as X-rays and ~ rays.
Recent developments have made it possible to detect the polarisation of high-energy photons
using the photoelectric effect, where the photoelectron is emitted preferentially in the direction
of the E-vector (polarisation vector) of the incident X-ray [87, |88]. One such example is the
time project chamber polarimeter (TPC) [89] along with the photoelectric effect. The main
idea behind this instrument is to create photoelectrons in a gas chamber with polarised X-
rays. The electrons are preferentially emitted in the direction of the E-vector of the X-ray
with a sin? 6 cos? ¢ distribution, where @ is the angle that the photoelectron makes with the
direction of the X-ray propagation and ¢ is the azimuthal angle with respect to the polarisation
of the X-ray. A drift electric field is made with a drift electrode and a gas electron multiplier
(GEM), which contains strips of electrodes. As the photoelectrons ionise the gas along its
trajectory, the ionised electrons then drift with a constant velocity to the GEM, where their
charge is multiplied and collected on the strips . The ionised electron path can be
reconstructed and the polarisation of the original X-ray can be calculated. However, there are
sensitivity problems related to the reconstruction of photoelectron paths|90]. Another constraint
is that this technique relies on the photoelectric effect to function. The photoelectric effect is
most effective at energies below approximately 100 keV.

For higher energy photons, approximately 100 keV - 10 MeV, Compton scattering can be
used [91]. The Compton cross section for polarised incident photons follows the Klein-Nishima
formula:

dr 1 ,(E\[E E
% = 57“3 (E) [E’ + i 2sin? 0 cos? ¢ (1.70)

where E’ represents the energy of the scattered photon and E represents the energy of the
incident photon. The radius, r. = 2.818 x 10~ ® m is once again the classical electron radius. 6 is
the polar scattering angle and ¢ is the azimuthal scattering angle with respect to the polarisation
of the incident photon (see .The polarisation dependence is shown in the last term
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Figure 1.16: Time Project Chamber Polarimeter [89]

1
with cos? ¢ = g(cos 2¢ + 1). This has a period of 7, which indicates that the scattering has

an m angular symmetry. This is expected as the scattering at ¢ = 0° and ¢ = 180° is both in
line with the polarisation vector. This polarisation sensitivity is strongest when sinf = 1 or
when 0 = 7/2, that is, when the photon is scattered perpendicularly compared to the incidence.
Therefore, it is ideal to place detectors that are perpendicular to the scattering event.

As this cross section is also dependent on the energies of the incident and scattered photons,
there is a range of energies where this is most effective (see [Figure 1.18). We can see that the
effect of the change in azimuthal angle is most apparent (comparing 0° to 90°) when the energies
are between 100 keV and approximately 1 MeV, which is the energy range in which detectors
that use this technique are most effective.

At even higher energies, i.e. in the MeV and GeV ranges, where we start to go into the
hard ~-ray wavelengths, another approach must be taken. There are no current detectors that
have the capacity of detecting such high energy polarisation [94]. There is a proposed method
which makes use of the E-vector dependence of pair production, where the directions of the
created and emitted electron and positron are sensitive to the polarisation of the photon. They
have their ejected plane tending to be parallel to the E-vector of the incident photon [95]. The
cross section of polarised pair production is dependent on the polar and azimuthal angles of

the electron: #_ and ¢_ and of the positron: 6, and ¢ (see [Figure 1.19). It also depends
on the ratio of energy of the produced positron F; compared to that of the incident photon
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Figure 1.17: Schematic of Compton scattering of polarised photons according to the
Klein-Nishima equation [92]. 6 represents the polar scattering angle and ¢ is the azimuthal
angle relative to the polarisation of the incident photon.

Figure 1.18: Compton scattering at various energies for polar scattering angle 6 (left) and
azimuthal angle relative to the polarisation (right)[93]
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Figure 1.19: Schematic of the pair production mechanism from a polarised photon with
E-vector €, parallel to the X axis. The photon is incident along the Z axis. ¢4 and ¢_ are the
angles between the photon polarisation plane and the directions of the positron and electron
respectively. ¢+ is the co-planarity angle and is the angle subtended by the directions of the
positron and the electron. w.y is the azimuthal angle between the polarisation plane and the
vector formed by the positron and the electron. |97]

(E,). E4+/E, E The creation of an electron and positron pair from a polarised photon is
asymmetrical in their azimuthal angle ¢ with:

dN

dor x (1+ A.Pcos2(¢s +9)) (1.71)

where ¢ is the angle of the photon polarisation relative to the detector, P is the degree of
polarisation (0 < P < 1) and A is the polarisation asymmetry and is a function of the photon
energy with [96]:

4 20 28 218
A= [9 In (2E,) — 27} / [9 In(2E,) — =7 (1.72)
For energies greater than approximately 20 MeV, this asymmetry follows [93].

shows the pair production y-ray polarimetry distribution of the azimuthal angle
¢+ with the HARPO time projection chamber with energy of 12 MeV [98]. We can see that there
is a difference in scattered directions for fully polarised (P = 100%) and unpolarised (P = 0%)
incident y-rays. The largest differences occur at an azimuthal angle of 0,7/2 and 7 radians,
that is, when the positron and electrons are either on the same plane or are perpendicular to
each other.

5By conservation of energy, this is also dependent on the electron energy
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Figure 1.20: Pair-production ~ ray polarimetry distribution of the azimuthal angle ¢ with
the HARPO time-projection chambre with energy of 12 MeV |98|. It showcases the difference
in ratio of 100% linearly polarised photons vs unpolarised photons.

1.7 Biological Detection of Polarisation

Using Polarisation

Linear polarisation of light has been shown to be used by animals such as the African dung
beetle, Scarabaeus zambesianus & Escarabaeus satyrus, which uses the polarisation of moonlight
to navigate at night [99-101]. When the dung beetle finds a source of food, i.e. dung, they roll
the ball of dung away for safekeeping. The most efficient paths are straight radial ones directly
outward. These are the paths taken by the dung beetle under a clear moonlit sky. However,
when it was cloudy or when the moonlight was blocked, the dung beetle’s paths were more
sporadic and no longer straight and radially outward. Furthermore, when a polarisation filter
was placed above the dung beetle such that it rotated the polarisation by 90°, so did the paths
taken by the dung beetle (see . More examples of using linear polarisation include
species such as migrating monarch butterflies [102} [103], crickets [104} [105] and desert locusts
|106], which have specialised areas of eyes called the dorsal rim area (DRA) which have adapted
to use polarisation of the light from the Sun and the Moon as a compass |107].

There have also been instances of animals using circular polarisation in nature. The telson
keel]'®| of mantis shrimp reflect the two modes of circularly polarised light differently (see
1.22). This potentially can be used as a unique channel of communication as other marine

16¢ail
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Figure 1.21: Paths taken by dung beetles; (b) under moonlight, (c¢) without moonlight, (d)
under a 90 degree polarisation filter (e) average angle under the same filter. Credit: Marie
Dacke [99].

species cannot detect polarisation.

The eyes of mantis shrimp contain specialised cells that act as quarter-wave plates (see
Figure 1.23]). These transform circularly polarised light into linearly polarised light by shifting
the phases of the two orthogonal components of the electric field of light by 45°. Not only that, it
also differentiates between left-handed polarisation and right-handed polarisation by converting
them into horizontal and vertical modes of linear polarisatiorm after which the polarisation is
detected normally.

Chromophores

Biological photoreceptors have molecules called chromophores, which allow absorption and thus
detection of light[110]. In humans, the molecule responsible for this process is called the retinaﬁ
molecule [111]. Retinal contains a long chain of carbon carbon bonds, the most important to
light detection being the double bond between the 11th and 12th carbons in the chain. Retinal

" The reversed modes of linear polarisation is also possible, depending on the setup of the quarter-wave plate
18 Also known as retinaldehyde
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Figure 1.22: Chitin of Mantis Shrimp reflecting different circular polarisations. Credit: Cronin
et al. [108].

Figure 1.23: Specialised cell in stromatopods acting as a quarter wave plate |109]
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Figure 1.24: 11-cis-retinal absorption of a photon which causes a conformal change to the
all-trans-retinal. Credit: Lehninger Principles of Biochemistry [113].

has diastereomer stated™] of 11-cis-retinal and the all-frans-retinal. Before an interaction with
light at the appropriate wavelengths, the retinal molecule is in the 11-cis-retinal state. When
an incident photon in the visible domain hits the molecule, it is absorbed by the double bond
between the 11th and the 12th carbons in the chain. This energises a bonding pair of electrons,
more specifically, the pi-bond. This causes the pi-bond to temporarily break, which results in
there now being only a single sigma bond between the 11th and 12th carbons. This allows
the molecule to rotate now around the single sigma bond, until it reaches the all-trans-retinal
configuration, at which point the electrons relax and reform the pi-bond [112] (see [Figure 1.24)).
This conformal change in the molecule causes an electric signal to be sent down the optic nerve
to be processed by the brain, and thus this is how light is detected.

The retinal molecule is also bound to an opsin protein to form rhodopsin|114] in rods and
iodopsins in cones|115]|, which are the basis of photoreceptors in humans (see .
Rhodopsin can absorb light with a wavelength of 500 nm, or in the blue-green part of the visible
spectrum|117]. Todospins are pigments found in cones that are responsible for their absorption of
light, and contain chromophoreﬂ They come in three varieties, called erythrolabe, chlorolabe,
and cyanolabe. These different pigments have different peak absorption wavelengths. Erythro-
labe has a peak wavelength of 565 nm, or red light, chlorolabe has a peak wavelength of 535 nm,
or green light, and cyanolabe has a peak wavelength of 440 nm, or blue light|118] (see
11.26)). Our perception of colour is therefore based on the mixing of the signals of the rods and
cones, and is the origin of human trichromatiﬂ vision[119].

Photoreceptors and Polarisation

Now that we have established the mechanism of the photoabsorption process in photodetectors,
how does polarisation sensitivity arise? The absorption process of light by a chromophore is
inherently sensitive to polarisation. Light with its E-vector aligned with the carbon carbon

19¢chiral molecules
20Retinal in humans
213 coloured
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Figure 1.25: Retinal bound to opsin to form rhodopin. Credit: University of Pennsylvania [116]

Figure 1.26: Peak wavelengths of rods and the three different types of cones. Credit:
Al-Bahadly|120]
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Figure 1.27: Sensitivity to polarised light in rhabdomeric and ciliary photoreceptors. Credit:
Bradbury and Vehrencamp [124].

double bond of the chromophore is preferentially absorbed compared to light with its E-vector
not aligned to the bond|121]. Thus, each individual chromophore is sensitive to the polarisation
of light. However, if the chromophores are arranged randomly, like in the eyes of humans, then
there is no overall sensitivity to polarisation, as all E-vectors are absorbed equally. However,
when rhabdomeric and ciliary photoreceptor cells [122] form microvilli tubules or microtubules,
a general preference for certain E-vectors can arise, when the microvilli are aligned|123]|. Align-
ment of the photoreceptors and, by extension, of the chromophores means that there is a global
sensitivity to polarisation. As each individual chromophore is sensitive to polarisation, having
all chromophores aligned means that all light-absorbing double bonds of the chromophores are
aligned and light with its E-vector parallel to the double bond will be absorbed and light that

has its E-vector perpendicular will not be (see [Figure 1.27)).

Rayleigh Sky Model

Now that we know how polarisation sensitivity can arise in animals, how does it help them
navigate? As visible light travels from the Sun through the Earth’s atmosphere, it scatters
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Figure 1.28: Rayleigh Sky Model of linearly polarised light from the Sun, showing the E-vector
and the degree of polarisation at different locations on the planet at different positions of the
Sun. Credit: Heinze [102].

elastically off atmospheric molecules. This process is called Rayleigh scattering, as previously
mentioned. In addition, the direction of scatter can polarise the incident light, with the per-
pendicular scattering fully polarised and the parallel scattering remaining unpolarised |125] (see
Figure 1.5)). Therefore, when sunlight travelling parallel to the ground scatters perpendicularly
off a particle so that it is now travelling down to the surface of the planet, it will be fully linearly
polarised (horizontally polarised). In fact, the degree of polarisation and the E-vector of light
that impacts the surface of the planet are determined by the location of the Sun and position of
the observer on the planet. It also depends on the time of day and the time of year|126]. This
is known as the Rayleigh sky model. Thus, measuring the polarisation of sunlight allows ani-
mals to track their current position on the planet (see and allows them to navigate
around the globe.
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1.8 Towards Higher Energy

As discussed in the previous sections, chromophores give photoreceptors their sensitivity to light
and are individually inherently also sensitive to polarisation. However, the mechanism for light
detection is through the use of photon absorption, the excitation of an electron from its ground
state to an excited state[127]. This means that the potential energies of the absorbed photon are
subject to the available energy levels of the bound electron. While there are chromophores that
can absorb photons in the infra-red Wavelengthslf' 128H130], or the ultraviolet Wavelengthsif" 131}
132|, the majority of chromophores absorb light in the visible Wavelengthﬁifl 133] |134]. Whilst
this is beneficial from an evolutionary and biological point of view, it means that the use of
chromophores to detect the polarisation of light is limited. If a high energy photon is absorbed
by the organic compound, then the electron will be ionised instead of energised. This can cause
irreversible damage to the molecule|135] and restrict their detection mechanism as the photon-
absorbing bond is now damaged and cannot absorb another. Thus, to have the ability to detect
the polarisation of high-energy photons such as X-rays and ~y-rays, we must look towards other
detection techniques.

One method is the use of semiconductors, especially organic-based semiconductors (OSCs).
OSCs are polymers consisting of double-bonded carbon-carbon building blocks, i.e. with a sigma
and a pi bond [136]. This is very similar to the double bonding of carbons in a chromophore;
in fact, the absorption of a photon by the double bond is also preferential to photons whose E-
vector is parallel to the bond and is thus inherently sensitive to polarisation. However, unlike in
a chromophore, ionisation of the bonding electrons will not limit the molecule’s ability to absorb
more photons, as there are many identical carbon-carbon double bonds. Any of these is available
to absorb another photon. Absorption of a high-energy photon ionises the bonding electron and
creates a free radical (unpaired electron) and an electron hole. This electron hole can be filled
by a bonding electron from a neighbouring carbon atom, reforming the bond. However, this now
means that the neighbouring carbon has lost a bonding electron and it now has an electron hole.
This "positively" changed electron hole propagates along the polymer and thus forms a current,
which can then be detected (see [Figure 1.29). Thus, an organic semiconductor can be used to
detect the polarisation of high energy photons if the organic semiconductor is anisotropic|137].
Therefore, there is a potential application of using organic semiconductors as X-ray polarisation
detectors, especially for soft X-rays [138]. However, because of the damaging nature of high
energy photons to organic bonds, hard X-rays, and ~-rays in the MeV and GeV energies, OSCs
will still be insufficient. This is especially true if the photon source has a high flux, ionising the
carbon-carbon double bonds before they can regenerate or also breaking the sigma bond and
this breaking apart the molecule. For such sources, a more robust method is required, one that
does not rely on bonding electrons and has more electrons to spare. Thus, metallic detectors
have great potential for the detection of high-energy photons.

22> 700 nm
232 400 nm
24400 — 700 nm
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Figure 1.29: Incoming photons can hit the organic polymer and ionise the molecule. This can
create electron free radicals or electron holes allowing it to now act as a semiconducting

material [139].

1.9 Exploration into the Unknown

Polarisation is a fundamental property of visible light and all electromagnetic radiation, with
applications spanning across many different fields of research, often interdisciplinary. It has im-
plementations in biomedical and clinical imaging, to characterise complex tissue samples [140-
143] and for diagnostics [144146|. There are also potential therapeutic applications of using po-
larised light in tissue healing [147H150|, immunomodulation [151] and photobiomodulation [152].
Outside the field of medicine, polarisation microscopy can reveal information very quickly about
the orientations of molecules, including collagen fibres [153], [154], proteins, cellular structures
|155] and liquid crystals [156]. Polarisation also has many everyday technological uses, such as
improving the efficiency in liquid crystal displays (LCDs) [157, [158], increasing the contrast in
photography in cameras but also in the retina [159] as well as the reduction of glare |160].
Recently, the importance of polarisation in the animal kingdom has increasingly come to
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the fore. From navigation in arthropods |161H165] to communication in cephalopods and stro-
matopods [166], the latter being currently the only species that appears to use circular rather
than linear polarisation. In addition, polarisation is also used in the identification of predators
and prey and in the responses in certain species of fish [167, [L68]. Furthermore, it is utilised
for habitat selection of semiaquatic insects [169] as well as to facilitate shore flight responses
in water fleas [170]. Polarisation is significant in the study of plant development, resulting in
better growth rates of maize and white lupin under linearly polarised light [171,[172] and higher
germination rates of Arabidopsis and lettuce under circularly polarised light [173].

At higher energies, polarised X-rays are at the heart of many X-ray imaging techniques
such as magnetic X-ray diffraction [174], magnetic Compton scattering [175] and X-ray circular
dichroism [176] which are used to study materials interacting with a magnetic field. Addition-
ally, X-ray polarisation can also be used to study the magnetic sub-levels of charged particle
collisions [177H179]. The polarisation of y-rays is also relevant in astrophysics in order to un-
derstand the nature of astrophysical sources [180, |181], the origin of cosmic rays [182], the
properties of black holes and their role in the evolution of galaxies |[183H185] amongst many
other uses. Furthermore, X-rays have many important modern uses such as radiography [186/-
188], radiotherapy |28, 189} |190|, computed tomography (CT) scans 191} [192], X-ray diffrac-
tion [193] |194], small-angle X-ray scattering (SAXS), and wide-angle X-ray scattering (WAXS)
[195H197]. Such techniques currently do not consider polarisation. However, polarisation could
provide additional information on the properties of X-ray interactions with matter in terms of
structural orientation of samples in 3-dimensions as well as provide information on the direction
of scattered photons [198|. Therefore, introducing polarisation into such applications could be a
potential avenue into their improvement and enhancement, allowing for a more comprehensive
image.

Realisation of the effects and applications of polarised light requires its characterisation. This
is normally done via the use polarisation detectors. Current detection methods of polarised elec-
tromagnetic waves spanning from infrared to visible to ultraviolet (UV) light generally include
the use of polarisers or polarising filters. From Malus’s law the transmitted intensity of polarised
light through a linear polariser is:

I = Iycos? 0 (1.73)

where I is the transmitted intensity, I is the intensity of incident polarised light, and @ is the
angle between the direction of polarisation and the transmission axis of the polariser. In short,
light with its polarisation parallel to the transmission axis is allowed through the polariser,
and light with its polarisation perpendicular to the transmission axis is blocked. This can
be used to characterise the polarisation of an unknown source by rotating the polariser until
the measured intensity matches the incident intensity [199]. For circularly polarised light, the
inclusion of a quarter waveplate, which converts circularly polarised light to linearly polarised
light, allows the determination of left-handed or right-handed polarisation states. However, such
methods can only determine the polarisation state indirectly by measuring the intensity of light
transmitted through a polariser. This additional optical filter adds to the complexity, size and
costs associated with such polarimetric photodetectors and can also cause a loss of sensitivity
and responsiveness of the photodetector [200]. This calls for methods of direct detection of
polarisation to mitigate such restrictions. Current research into alternatives include inorganic
semiconductors [200, 201], carbon nanotubes [202] 203| and inorganic nanowires [204} 205].
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In this project, we explored a novel method of the detection of polarisation using the biolog-
ical mechanisms of animal sensitivity to polarisation. Polarisation sensitivity in some animals
arises due to their photodetection mechanism, using chromophores. Chromophores are natu-
rally dichroic, and polarisation sensitivity is due to the ordering of chromophore molecules [121}
123|. This mechanism can be exploited to possibly create a device that can directly detect the
polarisation state of light, without the need to a separate filter, enhancing their sensitivity and
resolution. Furthermore, the optical properties of chromophores have been well documented and
studied, especially their peak wavelengths [128] 134, [206]. A polarimetric photodetector based
on chromophores could potentially be extremely tunable to measure different wavelengths by
switching out the base chromophore.

We were especially interested in sea urchins due to the calcite in their skeletons and tube
feet [207, 208], where their photorecptors reside. Calcite interacts anisotropically with different
polarisations of light [207] since calcite has high birefringent properties [209]. Coupled to the
photoreceptors, this could potentially lead to both linear and circular polarisation sensitivity in
sea urchins, which uses both the birefringent properties of calcite and polarisation sensitivity of
aligned chromophores. Any polarisation detection could pave the way to the possible develop-
ment of a novel polarimetric photodetector. This would utilise the same mechanism that these
sea urchins use to detect polarisation, which would not only directly measure the polarisation
state of light but would also help miniaturise the technology.

Additionally, despite the importance of polarisation, its detection at high energies are cur-
rently also very limited. Generally speaking, current X-ray and v-ray polarimetry detection can
be classified into two main techniques. The first relies on the dependence of polarisation on
the direction of photoelectron emission [89]. This method is used by the IXPE (Imaging X-ray
Polarimetry Explorer) [210} 211|, which is currently the only X-ray polarisation detector in use.
There are several proposals [212, 213] including the HypeX project which uses the same concept
with improved resolution and effective X-ray energy range is currently in development [214].

The second method uses the anisotropy of Compton scattering |91, 215| |216]. Current ~-ray
polarisation detection projects includes; Polar-2 [217], GAP [218|, Astrosat-CZTI (Cadmium-
Zinc-Telluride Imager) [219], COSI (Compton Spectrometer and Imager) [220] and INTEGRAL
(INTErnational Gamma-Ray Astrophysics Laboratory) [221].

The photoelectron detection method has difficulties associated with the sensitivity of the
instrument and the reconstruction of photoelectron tracks [90]. The Compton detection method
requires detailed comparison to Monte Carlo simulations, in which the projected azimuthal
scattering angle is highly dependent on the orientation of the instrument as well as on multiple
scattering events. Thus, instruments which utilises one of these two techniques are generally
quite large and have complex electronics to achieve the sensitivity required to accurately deter-
mine the polarisation of the incident photons. Furthermore, both the photoelectric effect and
Compton scattering are effective at different energies [222] 223|. This means that the current
and proposed detectors mentioned above are limited in ranges for incident photon energies;
and that one detector that is effective in one energy range would not be in the other energy
range. Additionally, there is no current instrument capable of high-energy ~-ray polarimetry
(> 10 MeV). Methods such as those proposed by Wojtsekhowski et al. [224] which makes use
of the E-vector dependence of pair production. In pair production, the directions of the created
electron and positron are sensitive to the polarisation of the photon, their plane tending to be
parallel to the polarisation vector of the incident photon [95]. However, multiple scattering of
the produced particles need to be considered to accurately determine the photon polarisation
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and this presents a tremendous challenge [93].

Any novel polarisation detection mechanisms could pave the way to the possible development
of a novel polarimetric photodetector. In this project we explored such new ideas in biomimicry,
using sea urchins and using anisotropic scattering of X-rays and aligned gold nanorods. We
delved into the possibility of polarisation detection that would not only directly measure the
polarisation state of light but would also help miniaturise the technology with greater ease of
production in both costs and scale.

This could have long lasting applications in cosmology, astrophysics, medical science, and
X-ray and y-ray imaging.

1.10 Thesis Structure

This thesis consists of 6 chapters. This is currently the end of where I summarised
the theory leading up to the idea of needing a novel type of polarimetric photodetector, capable
of quick, efficient, and cost effective direction detection of the polarisation of light. I started
with a brief overview of the theory of light matter interactions, particularly how polarisation
has a big impact on these fundamental interactions. I then delved into the current methods of
polarisation detection, particularly for visible light and X-rays, and explored the limitations of
current technology and their deficiencies that this work would cover, motivating the search for
new ways of polarisation detection.

This leads up into where potential polarisation of light by marine animals is
explored, specifically in those of sea urchin larvae. We tested for their responses under different
polarisation modes and found that they had different behavioural responses that depended on
the polarisation of the incident light.

follows this result, as we wonder if this polarisation sensitivity persists in sea
urchins as they mature into adulthood. Sea urchins undergo a physical metamorphosis from
the larvae stage to the adult stage, and persistent polarisation detection may give us hints on
the types of photodetector structure they have, as well as any light altering components that
they have. Furthermore, this allows for more precise future imaging such as with PET (positron
emission tomography) scans and serial block SEM (scanning electron microscope) scans, as well
as searches into the specific DNA sections that are responsible for polarisation sensitivity.

diverges into polarisation of higher energy photons such as X-rays and y-rays,
motivated cosmic searches. In this chapter, we looked at the scattering between polarised X-
rays and aligned gold nanorods. We noticed that the diffraction patterns were dependent on
the angle subtended by the orientation of the gold nanorods and the polarisation vector of the
X-rays. This new mechanism is potentially a novel method for determining the polarisation of
any incident X-rays by reverse engineering.

Chapter 5 involves some preliminary experimental experience that I had at the synchrotron
where I learnt vital skills to carry out my own synchrotron experiences. This involves sample
preparation and loading as well as result analysis.

Finally, I conclude the whole work in
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CHAPTER 2

Sea Urchin Larvae under Light and
Polarisation

The following work is an adaptation of a submitted manuscript titled: "Response of the Larvae
of the Sea Urchin Centrostephanus rodgersii Under Light and Polarisation Conditions" by Ben
Li, Matthew Clements, Paulina Selvakumaraswamy, Zhenxu Yang, Ken-Tye Yong, Maria Byrne
and Céline Boehm.

Author Contributions:

— Ben Li: Conceptualisation (mairﬂ)7 Methodology (main), Investigation (main), Data Anal-
ysis (main), Writing (original draft), Sea Urchin Rearinﬂ (supporting]’)).

— Matthew Clements: Investigation (supporting), Writing (review), Sea Urchin Rearing
(supporting).

— Paulina Selvakumaraswamy: Sea Urchin Rearing (supporting)
— Zhenxu Yang: Writing (review).
— Ken-Tye Yong: Supervision (supporting).

— Maria Byrne: Conceptualisation (supporting), Methodology (supporting), Writing (review
and editing), Sea Urchin Rearing (main), Supervision (supporting).

— Céline Beehm: Conceptualisation (supporting), Methodology (supporting), Writing (re-
view and editing), Supervision (main).

This chapter outlines the work done on the response of the larvae of the sea urchin Cen-
trostephanus rodgersii to light and polarisation. The conceptualisation for this project seemed
to be, by coincidence, a random meeting between an astroparticle physicist and a marine bi-
ologist who were both interested in polarised light, albeit for different reasons. It culminated
into an interesting idea; could the larvae of sea urchins see light and, more interestingly, could

nvolved in its entirety
2Spawning and housing of sea urchin larvae
3Partial involvement
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they see polarisation. The following detail the process in which we set out to find the answers
to those two questions. The larvae of C. rodgersii were subjected to different lighting regimes,
namely; unpolarised halogen light, darkness, as well as polarised (linear, circular and elliptical)
halogen light. The larvae exhibited positive phototaxis, that is, swimming toward the light
source, when exposed to unpolarised, horizontally polarised, elliptically polarised and circularly
polarised light. However, they did not respond to vertically polarised light with any sort of
phototaxis. In fact, larval swimming behaviour after exposure to vertically polarised light was
the same as keeping them in the dark, there was no overall bias in their swimming direction.
These findings indicate that not only can the larvae of the sea urchin C. rodgersii have photore-
ceptors capable of detecting light in the visible spectrum but they may also possess the capacity
to differentiate between horizontally and vertically polarised light, which could help them navi-
gate. A mechanism for polarisation detection suggests the possibility of aligned photoreceptors
in these larvae, commonly seen in insects such as locusts and butterflies. In addition, it was
found that these sea urchin larvae respond to circularly polarised light with positive phototaxis.
This result is notable because there are few documented cases of circular polarisation sensitivity
in animals, the most known case being in stomatopod vision. As they did not appear to have
a preference between the left and right handed polarisations, one would need to study their
photoreceptor cells to determine the mechanism by which they can detect circular polarisation.
The understanding behind the mechanism of their polarisation sensitivity could pave the way
for the development of new polarisation detectors based on biological mechanisms.
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2.1 Introduction

Sea urchins are ecologically important algal grazers and, in large numbers, can have detrimental
effects on kelp forest ecosystems [225] [226]. Some sea urchin species develop ciliated appendages
used for swimming and feeding. Swimming behaviour in response to environmental stimuli can
affect larvae distribution and dispersion and thus the end location of adult sea urchins [227].
As such, it is important to understand the environmental factors that influence their behaviour
during development.

One of such factors is visible light. In Ref.|228], the authors show that the larvae of Hemi-
centrotus pulcherrimus and Temmnopleurus reevesii reversed their swimming direction under
photoirradiation, indicating that light can influence their displacement and that they therefore
possess photo-receptors. In fact, sea urchin larvae appear to have photoreceptor expressing cells
as part of their digestive system [229|. Furthermore, opsin2 (a protein found in photoreceptors)
was present in their arms [230]. Ref. [231] also found that the skeletons of sea urchin larvae are
birefringent. Since other species with birefringent skeletons exhibit polarisation sensitivity, it
seems natural to expect that sea urchin larvae may also be sensitive to polarisation, in addition
to being sensitive to light.

Animal species use polarisation for a range of purposes. One of such is navigation. For exam-
ple, the African dung beetle Scarabaeus zambesianus uses the polarisation of moonlight to roll
a ball of dung in a straight line radially away from the source, to escape aggressive competition
for food foraging inside the dung ball |99} |100]. Other insect species such as migrating monarch
butterflies [102,103|, crickets [104} |105] and desert locusts [106] use a skylight compass [103], (106,
232, 233] to navigate under a variety of atmospheric conditions. Polarisation may also be used
for communication purposes, such as in the case of stromatopods who may be using circularly
polarised light to potentially seek out partners [108| 234} [235] or in the case of butterflies to seek
out mating signals [236] or to enhance contrast and visibility through the polarisation angle of
light reflected from shiny surfaces [237] or from water surfaces [238]. Underwater polarisation vi-
sion is also quite widespread in nature (see, e.g., cephlapods [168|, anchovies |239], damselfishes
[240] and rainbow trout [241]) and is often used for contrast enhancement or predator/prey
responses.

Polarisation arises when sunlight passes through the atmosphere and scatters off air molecules.
This phenomenon is called Rayleigh scattering. The intensity of the scattered light is propor-
tional to I oc A% (1 4+ cos 02), with A the wavelength of the incident light and cosf the angle
between the incident and scattered lightﬂ The intensity of the scattered light is the strongest in
the direction (and opposite direction) of the incident light, and the degree of horizontality and
polarisation can be predicted. The same is true as light passes through the water and interacts
with water molecules. In both cases, the polarisation pattern can be affected by Mie scatteringﬂ
Mie scattering occurs in the presence of cloudy atmospheric conditions or turbid waters |242-
246). However, Ref. [247] showed that, even under these conditions, the polarisation pattern
can still be recognisable enough to be used as a navigational tool. Given the above and since
the Mie cattering coefficient of the ions found in pure seawater is extremely small (<<m™!),
Rayleigh scattering is more likely to influence sea larvae urchins than Mie scattering, if at all.

4Rayleigh scattering is only valid when the particle sizes are smaller than the wavelength of the incident
light.

5Mie scattering differs from Rayleigh scattering in that it has a weaker dependence on the incident wavelength
and its intensity is the strongest in the forward direction.
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Just below the surface of the water, light is generally found to be horizontally polarised, with
a relatively high degree of polarisation [248]. Scattering events underwater also tend to create
more horizontally polarised light [249|]. Internal reflections are also more horizontally polarised
[250]. Although the prominence of horizontal and vertical components is expected to change
with the depth of the water column due to changes in density and in turbid conditions, previous
studies have shown that marine animals can use polarisation at depths up to 15 m [251] and
could exist up to 200 m 252, [253]. Since sea urchin larvae reside in the plankton (unlike sea
urchin adults who live on the ocean floor), they may be particularly sensitive to polarised light
and one may be tempted to speculate that horizontally polarised light may generate a stronger
behavioural response in sea urchin larvae when compared to vertically polarised light exposure.

We note, in addition, that some species may be sensitive to circular polarisation (CP) as well.
For example, the aforementioned mantis shrimp and the larvae of fireflies P. lucicrescens and P.
versicolor emit weak left and right circularly polarised bioluminescent light [254] while the light
passing through the body of certain dinoflagellates is also circularly polarised [255|. Thus, one
may ask whether sea urchin larvae are also sensitive (or respond to) circularly polarised light.

We addressed the question as to whether the larvae of the sea urchin C. rodgersii change
the course of their swimming direction under both unpolarised and polarised light. A positive
response, exhibited by swimming towards the light source (positive phototaxis), would indi-
cate their sensitivity to these environmental factors, and could bring a wealth of information
about the sea urchin larvae displacement. This might be useful for the detection of potential
photoreceptors and the design of new biodetectors.

In Section we present the species and our experimental setup and our results in Sec-
tion. 2.3 along with the data analysis in Section. 2.4l The discussion can be found in Section.
[2.5 and our conclusion is given in Section. 2.6

2.2 Experimental setup

Our goal is to determine whether sea urchin larvae exhibit phototaxis. While it is known that,
in their natural habitat, sea urchins exhibit Diel Vertical Migration (DVM) [256] |257], one still
needs to demonstrate that such a motion is the result of their response to the sunlight rather
than other factors (e.g. temperature, pressure). For this reason, we do not to test for vertical
motion with our setup, i.e., we do not illuminate the sea urchin Centrostephanus rodgersii from
above. Instead, we study whether they exhibit phototaxis behaviour when light is directed from
the side of the water chamber.

The other reason to not shine the light from above is that this helps to test their sensitivity
to the different polarisation modes. Indeed, when the light is shone from above, the larvae,
which are free to rotate but not flip in the water column, can always orient themselves to
perceive both linear polarisations modes in the same way. However, when the light is shone
from the side, this orientation symmetry is broken, allowing us to test whether they exhibit a
preference for a particular polarisation mode (see . Thus for the purposes of testing
for polarisation sensitivity, we need to ensure that the sea urchins perceive the two polarisaiton
modes as different.
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Figure 2.1: In images (a) & (b) we have sea urchins subjected to different polarisations of
halogen light incident from above. As the sea urchins are free to rotate along the horizontal
plane, they can see both polarisation modes as the same. In images (c) & (d) we have sea
urchins subjected to different polarisation modes of halogen light incident from the side. The
sea urchins are not free to rotate along the vertical plane (i.e flip), thus they cannot perceive
the two polarisations as the same.

To determine whether C. rodgersii larvae are sensitive to skylight, we performed two sets of
experiments: in the first set of experiments, the larvae were exposed to halogen light to mimic
sunlight while in the second set of experiments, the larvae were kept in the dark. Their swimming
response was recorded using a 12-megapixel Iphone 13 pro camera using the wide f/1.5 aperture.
We note that the larvae were never directly exposed to sunlight during the experiments as there
are various environmental factors associated to sunlight (such as flux, temperature, and angle
of incidence) that could not be controlled to take meaningful measurements.

The spectrum of our halogen lamp ranges from 400 nm to 1000 nm with a wide peak from
480 nm to 750 nm, meaning that it contains visible light and some infrared components, while
the sunlight spectrum ranges from 250 nm to 2500 nm. Hence, both the halogen and the sunlight
spectra are similar in terms of shape and location of the peak in the visible spectrum. Even
though the halogen lamp does not include as much as infrared light as the solar radiation, we
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do not expect this to be a problem as sea-urchins are not expected to be sensitive to those
wavelengths [258|. Also, whilst ultra-violet light exists in the sunlight spectrum and is mostly
absent in the halogen spectrum, it only makes up about 9% of the total energy from the sun.
Hence its absence from the halogen lamp spectrum should not impact the larval swimming
pattern. We also note that IR, UVB, and UVC lights are absorbed at a greater rate underwater
than the visible spectrum, so their influence on larval behaviour should be negligible. However,
there would normally be UVA light present in the natural habitat of sea urchins. Nonetheless,
the proportion of UVA light compared to visible light is very low [259]. We can therefore safely
use the halogen light to simulate the light that sea urchin larvae would normally be exposed to
in their natural habitat.

A subsequent set of experiments were carried out to study the sensitivity of C. rodgersii
to polarised light. The following experiments were done with polarised sunlight in mind, as
that is the type of light that sea urchins would be most exposed to, but it is worth noting
that moonlight creates the exact same polarisation pattern as sunlight, although it is up to 1
million times dimmer [249, 260]. In these new sets of experiments, the sea urchin larvae were
in turn be exposed to vertically and horizontally polarised halogen light as well as elliptically
and circularly polarised halogen light. Their swimming response was recorded using the same
camera as described before.

Species

C. rodgersii (test diameter 6 - 12 cm) were collected (1 - 2 m depth) from Camp Cove, Sydney in
July 2022 when the sea temperature was 17°C. They were maintained in aquaria at 17-18°C. The
urchins were used for spawning within 4 days of collection. Spawning was induced by injection of
1 mL of 0.5 M KCl through the peristome. Three fertilizations were done each obtaining gametes
from two to three males and females, were used to generate embryo populations. Sperm was
collected dry directly from the gonopores using a glass pipette, pooled in equal portions from
each male and stored at 4°C until use (< 30 min). Egg quality was checked microscopically
to select the best egg sources. Sperm from individuals were checked and quality assessed for
motility. Eggs from selected females were pooled in 500 - 1000 mL beakers of filtered (1 pm)
seawater (FSW, Millipore) at 18°C. The eggs were fertilised (104 sperm per mL) and microscopic
examination after 10 min revealed > 90% fertilization as indicated by the presence of the
fertilization envelope. The eggs were then rinsed to remove excess sperm and the FSW renewed.
The density of the embryos was determined from an average of five counts of 10 pL aliquots
using Sedgwick Rafter Counting Chamber and placed in 5 L beakers at 10 to 20 embryos mL ™.
After hatching the larvae were reared in 5 L beakers at a density of 10 mL~!. The cultures were
gently bubbled to keep the larvae in suspension and the water was changed by reverse aspiration
every 2 — 3 days. After the water was changed, the larvae were fed Proteomonas sulcata (20,000
cells per mL™1).

A sample of 250 mL of the larval culture (4-20 larvae per mL) was taken from the culture
and 250 mL of 1 uL. FSW was added. The larvae used for testing in the different lighting regimes
were between the ages of 3-6 weeks after spawning (see . The larvae were then placed
in the observation chambers. These chambers were made using a high purity borosilicate glass
to reduce light scattering as as well increased durability. The chambers were shaped as a square

prism with dimensions of 5 cm x5 ¢cmx30 cm (see [Figure 2.3)).
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Figure 2.2: Image of a larvae of the sea urchin species C. rodgersii. Note their ciliated
appendages (arms) which are used for feeding and swimming.

Setup

The chambers with the larvae were placed on a table in a dark room and in front of a halogen
light source whose distance to the chamber could be adjusted. The larvae were exposed to
different light conditions from various directions and their overall swimming behaviour within
the water chamber in the camera’s FOV was recorded at 0 min, 5 min, 10 min, 20 min, 30 min,
45 min and 60 min of light exposure. The halogen light conditions included:

— Unpolarised light. The halogen lamp was aligned with the center of the water column, at
an arbitrary distance of 85 cm. The lamp was then moved horizontally so that the light
could shine incident either from the left or right sides of the water chamber in separate
runs. This allowed us to test if the response was dependent on the physical direction of
the incident lightﬂ The flux (which was measured with a light meter) was approximately
1750 lux at the center of the water column.

— Darkness — the halogen light was switched off.

— Horizontally and vertically polarised light. The halogen lamp was again aligned with the
center of the water column at a distance of 85 cm. A Hoya 77 mm linear polarising
filter was placed in front of the halogen lamp in the vertical and horizontal orientations to
reproduce the two polarisation modes. The larval swimming response recorded accordingly.

8The orientation of the water chambers stay the same.
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The flux of photons at the centre of the water column and with the linear polarising filter
in place was approximately 400 lux. We note that Hoya claims that their polarising filters
have a 40% — 29% transmission rate whereas we measured a transmission rate of 23%.
However the difference may be accounted for via the reduced reflections of the walls of
the experimental room with the polarising filter in place. The filter is rated to have a
polarising efficiency of > 99.9%. Whilst there may be some scattering off various objects
and and off the walls of the room that may change the polarisation of the incident light
onto the larvae, the flux would be much smaller comparatively to the flux of the direct
incident light with the desired polarisation. Thus the effects of random scattering events
should be negligible and we can expect a high degree of polarisation.

— Elliptical polarised light. The halogen lamp was moved to a point 125 cm away from
center of the water column to create a ~ 45° above the horizontal. The polarising filter
was once again used in the "horizontal’ and ’vertical’ orientations. The photon flux in this
configuration was approximately 290 lux since the source is further away.

— Circularly polarised light. To test the effects of circular polarisation, a circular polariser
(CP42HE and CP42HER from Edmund Optics with diameter of 50mm) was placed in
front of the halogen lamp, which was aligned with the center of the water column at a
distance of 85 cm. The efficiency of these polarisers is supposed to be greater than 99.9%
so there should not be a large component of linearly polarised or unpolarised light going
through. The effects of both left handed and right handed polarisations on the larval
swimming responses were tested. The flux of photons at the centre of the column in this
configuration was approximately 600 lux. Whilst random scattering events may effect
the polarisation of the incident light, we expect it to be negligible. Edmund optics claim
a transmission rate of 42% for wavelengths of 400 nm-700 nm whereas we measured a
transmission rate of 34% but this could also be due to the reduced reflections from the
walls of the room.

The experiment with each light regime was repeated 3 times. We observed that the response
of the larvae was evident after 10 minutes of exposure and less apparent at 60 minutes as the
larvae tend to sink to the bottom after long exposure times. Hence further images were taken
at the 10 minute mark only.
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Figure 2.3: Schematic of the setup. In this configuration the halogen light source was level
with the midpoint of the water chamber and a linear polarising filter was placed in front of the
halogen lamp. This same setup was also used for left and right circular polarisations, using
circular polarisers. For elliptical polarisation, the halogen lamp was moved further away and
vertically upwards so that it made a = 45° to the horizontal plane and the linear polariser was
placed in front of the lamp.

2.3 Results

The time progression of the larvae response to different lighting regimes: (a) no light or darkness,
(b) unpolarised halogen light, (¢) horizontally polarised halogen light and (d) vertically polarised
halogen light can be seen in We can see by the 10 min mark (see , the
movements (or lack thereof) of the larvae are already very apparent. Under both unpolarised
and horizontally polarised halogen light, there was positive phototaxieﬂ exhibited by the larvae.
For darkness and vertically polarised halogen light, there was no overall trend in the movements
of the larvae.

"Swimming towards the light source.
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(a) Larvae response to no light at (left to right) 0 min, 5 min, 10 min, 20 min, 30 min, 45 min and 60 min.

(b) Larvae response to unpolarised light at (left to right) 0 min, 5 min, 10 min, 20 min, 30 min, 45 min and 60 min.

(c) Larvae response to horizontally polarised light at (left to right) 0 min, 5 min, 10 min, 20 min, 30 min, 45 min and 60 min.

(d) Larvae response to vertically polarised light at (left to right) 0 min, 5 min, 10 min, 20 min, 30 min, 45 min and 60 min.

Figure 2.4: Sea urchin larvae response to different lighting regimes; (a) dark, (b) unpolarised, (c) horizontally polarised, (d)
vertically polarised at 0 min, 5 min, 10 min, 20 min, 30 min, 45 min and 60 min. By the 10 minute mark, it was visible of the

larvae reacted to the light or not.
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(a) Unpolarised (b) Darkness

(c) Horizontal Polarisation (d) Vertical Polarisation

Figure 2.5: Swimming responses of larvae after 10 minutes of exposure to different light
regimes. The contrast has been increased in these images to make the larvae (white dots) more
visible. In all of them, unpolarised halogen, horizontally polarised and vertically polarised
halogen light was shining from the left. We can see that for unpolarised and horizontally
polarised light, the larvae swam towards the light source (left) and for vertically polarised light
and darkness the larvae were more spread out.

The larvae and their motion were detected using the software ImageJ (version 1.54i) [261].
To minimise the counting of objects that were not larvae, we assumed a size between 20-300

53



pixels which covers most larval sizes while excluding most contaminants. Although each larva
was meant to be counted individually by the software, the glare that accompanied the reflection
of light off the glass made this difficult. Indeed, ImageJ counts all visible objects in the water
tank with a size and luminosity consistent with that of the larvae. As the glare saturates the
luminosity in that part of the tank, the identification of the larvae becomes less accurate.

To make the larvae more visible, the image contrast was increased (see . However,
since this also made the glare more apparent, the ROI had to be cut again, thus leading to a
smaller ROI. The total number of counts found by ImageJ is therefore a compromise between
larvae visibility and the size of the ROI needed to get a decent number of counts. The percentage
distributions of larvae was calculated for each light conditions after the number of larvae on both
sides of the ROI was returned by ImagelJ.

Figure 2.6: In this example, the larvae (see arrows) were exposed to horizontally polarised
light from the left and we use ImageJ for the counts after increasing the contrast.

To minimise the number of false counts, we explicitly cut the part of the image where the
glare occurred (see and defined a region of interest (Rol) accordingly. The cut was
performed manually for each image since the extent of the glare varied from image to image. As
a result, the Rol’s sizes and positions vary across the set of images. We mitigated this effect in
our data analysis by considering two approaches: one was based on the number of counts and
the other one based on the counts density of larvae per ROL.
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(a) Choosing a ROI (b) ROI (c) Counted Larvae

Figure 2.7: Example of a region of interest for larvae analysis whilst minimising the effects of
unwanted counts. This particular example was for larval response to horizontally polarised
light. By imposing specific objects size and luminosity restrictions, we could eliminate
unwanted counts. Left: Area that was used for the larvae distribution analysis. Middle:
Outlines of the selected larvae (indicated by dots) in the ROI. Right: Remaining larvae after
cut and ROI selection to avoid glare which were used for the analysis.

In the first approach (where we used the total number of counts), each image’s ROI has a
different volume and is cut into two equal parts from the centre of the ROI to define a number
of counts in the left and right sides. In the second approach (where we used densities), the
centre of the water column was kept as a reference point for defining the left and right sides,
meaning that the volumes enclosed in each sides of the ROI were no longer equal. As a volume
asymmetry could affect our conclusions (especially when it comes to performing statistical tests
of the impact of polarisation), we used the density of counts in each side, instead of the number
of counts, to perform our analysis. The results displayed in [Table 2.1] [Table 2.2] [Table 2.3]
[Table 2.4 and [Figure 2.13| are only for the counts approach and the results in [Table 2.5| [Table]
[2.6] [Table 2.7] and [Figure 2.14] are for the density method.

The datasets corresponding to the incident light from the left and right sides for the different
lighting conditions were analysed separately. This allowed us to assess not only whether the
larvae responded to light, but also whether they swam in a preferred direction, independent of
the location of the light source. To perform statistical analysis, an arcsine transformation was
first applied to the data to stabilise the variances [262] and then a one-way analysis of variance
(ANOVA) test was performed, after verifying the assumptions of normality (Shapiro-Wilk test)
and homogeneity of the variances (Bartlett test). The ANOVA test that compares unpolarised
light, horizontally and vertically polarised light with light incident from the left and from the
right gave F(5,18) = 3.098, P = 0.0343 for the counts method and F(5,18) = 6.472, P = 0.0013
for the density method. Both processes of dividing the ROI show a statistically significant
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difference between the means of some of the datasets, see for the counts method
and for the density method. The post-hoc Tukey’s multiple comparison tests of
all the different set-ups was then performed to determine if any two lighting conditions were
statistically similar and whether the larvae had a preferred swimming response to the different
light conditions. We compared the larvae swimming response to the light source incident from
the left and right sides of the water chamber to determine whether the source position had an
influence of their response. Any differences in swimming response to exposure to horizontal
versus vertical polarisation and unpolarised light versus darkness were also tested. It was found
that, under the same lighting regimes, the larvae distribution was always consistent relative
to the location of the incident light (p-values of 0.9614, 0.9988 and > 0.9999 respectively for
horizontally, vertically polarised light and unpolarised light). Therefore the two data sets were
combined and after combination we have 8 sets of 10 min runs for larvae under exposure of
unpolarised light, horizontally and vertically polarised light and 4 sets of 10 min runs for larvae
in darkness (since in the absence of a light source, there is no left side or right side positions).
Thus a new ANOVA with Welch’s correction was done to account for the number of repetitions
(once again, the datasets met the assumptions of normality and homogeneity of variances). The
ANOVA test between unpolarised light, horizontally and vertically polarised light and darkness
gave F(3,24) = 17.05, P < 0.0001 for the counts method (Table 2.4)), and F(3,24) = F(3,24) =
17.00 , P < 0.0001 (see . Once again, this shows that there is a statistical difference
in the means between datasets.

[

(a) Choosing a ROI (b) ROI (c) Counted Larvae

Figure 2.8: Example of choosing a ROI for larval response to vertically polarised light. Left:
Area that was used for the larvae distribution analysis. Middle: Outlines of the selected larvae
(indicated by dots) in the ROIL. Right: Remaining larvae after cut and ROI selection to avoid
glare which were used for the analysis.
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(a) Choosing a ROI (b) ROI (c) Counted Larvae

Figure 2.9: Example of choosing a ROI for larval response to unpolarised halogen light. Left:
Area that was used for the larvae distribution analysis. Middle: Outlines of the selected larvae
(indicated by dots) in the ROIL Right: Remaining larvae after cut and ROI selection to avoid
glare which were used for the analysis.
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(a) Choosing a ROI (b) ROI (¢) Counted Larvae

Figure 2.10: Example of choosing a ROI for larval response no light (darkness). Left: Area
that was used for the larvae distribution analysis. Middle: Outlines of the selected larvae
(indicated by dots) in the ROI. Right: Remaining larvae after cut and ROI selection to avoid
glare which were used for the analysis.
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In[Figure 2.5] we see that after 10 minutes of unpolarised halogen light, the larval distribution
was more skewed towards the light source compared to 10 minutes of darkness, thus displaying
positive phototaxis. It is also evident that the distribution of larvae is more toward the light after
10 minutes of horizontally polarised halogen light exposure than after 10 minutes of vertically
polarised light exposure.

outlines (a) the process of choosing an ROI that minimises the effects of the
glare and scattered light while also maximising the number of larvae, (b) shows the objects
within the chosen ROI and applying the restriction for counted larvae, and finally we have (c)
which showcases the remaining objects to be counted. These counts are what is used for the
counts and densities method of larvae comparison. This example is for the larvae response
under horizontally polarised halogen light. showcases an example of this method for
vertically polarised light, is an example of unpolarised halogen light, and
is for darkness.

shows the response of the larvae when the halogen lamp was moved to a higher
position allowing for elliptical polarisation. We found that under both configurations of the
linear polarising filter, the distribution of larvae after 10 minutes were skewed towards the light
source, thus displaying no visible difference with the horizontally polarised light case, despite
a smaller flux. As elliptical polarisation features both vertical and horizontal polarisation, it is
likely that the larvae are actually responding to the horizontal component.

(a) Polarising filter placed in the horizontal  (b) Polarising filter placed in the vertical
configuration configuration

Figure 2.11: Swimming response of larvae after 10 min of exposure to elliptically polarised
light incident from the left. The contrast of the images were adjusted to better visibility of the
larvae. There was a positive phototaxis response to both elliptical polarisations.

shows the larvae response to circularly polarised light, both left handed and
right handed. In both instances, the larvae showed positive phototaxis. This sensitivity to
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circularly polarised light could indicate that they possess optical filters (e.g. quarter-waveplates)
to transform the circularly polarised light into a linearly polarised signal (assuming that photo-
receptors can only detect linear polarisation). They did not show a preference for left versus
right handed circular polarisations.

(a) Larvae response after exposure to 10 min (b) Larvae response after exposure to 10 min
of right-handed circularly polarised light. of left-handed circularly polarised light.

Figure 2.12: Swimming response of larvae after 10 min of exposure to circularly polarised light
incident from the left. The contrast of the images were adjusted to better visibility of the
larvae. There was a positive phototaxis response to both left handed and right handed
circularly polarised light.

shows the mean number of larvae in the different lighting treatments, and the
arcsine transformed data is shown visually in for the counts method and
for the density method . When comparing horizontal polarisation versus vertical polarisation
as well as unpolarised light versus darkness (using an Anova test plus a post-hoc Tukey’s test),
we found that a significant difference in the proportion of larvae in the left and right sides of
the chamber (p values of 0.0216 and 0.0234 respectively). There was no difference between
unpolarised light and horizontal polarisation setups nor darkness versus vertical polarisation
setups. The post hoc Tukey’s test can be seen in and the ANOVA test prior to the
combination of data for light incident from the left and the right can be seen in and
after the combination in

8 After it was deemed lighting incidence made no difference to the relative phototaxis of the larvae
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Light Regime Mean | Standard Deviation | n
Horizontal Polarisation | 0.72373 0.05228 8
Vertical Polarisation 0.62502 0.06294 8
Halogen Light 0.73811 0.06472 8
Dark 0.51330 0.08842 4

Table 2.1: Proportion of larvae for each light setup in the half of the ROI closer to the light
source compared to the half further away for the horizontally, vertically polarised and
unpolarised light. For darkness, the proportion was obtained using the left half versus the
right half of the ROI (defined so as to remove external objects to the chambers), given the
absence of light source, noting that the comparison of the proportions in the right half to left
half of the ROI would give the inverse result. There were n = 8 repeats for horizontally,
vertically polarised and unpolarised light and n = 4 for darkness.

Comparison P value | Statistical Difference
Horizontal vs. Vertical | 0.0216 Yes
Horizontal vs. Halogen | 0.9947 No

Horizontal vs. Dark 0.0366 Yes
Vertical vs. Halogen 0.0182 Yes
Vertical vs. Dark 0.4969 No
Halogen vs. Dark 0.0234 Yes

Table 2.2: Paired comparison of the different light regimes after performing a posthoc Tukey’s
multiple comparison test using the counts method

Source of Sumof | 4 ¢ Mean F(DFn,DFd) "

Variations Squares Squares value

petween | 007564 | 5 | 0.01513 | F(5,18) = 3.008 | 0.0343

Datasets

Within 1 69789 | 18 | 0.004883

Datasets

Total 0.1635 23

Table 2.3: ANOVA test for comparison of sea urchin distribution for horizontally, vertically
polarised and unpolarised light for the light incident from the left separately from the light
incident from the right, using the counts method. DFn is the number of datasets minus one
and DFd is the number of datapoints minus the number of datasets.

60



Source of Sum of Mean P
Variations | Squares dof Squares F(DFD’DFd) value

Petween | 9918 | 3 | 0.07393 | F(3,24) = 17.05 | < 10~

Datasets

Within | (9041 | 24 | 0.004335

Datasets

Total 0.3258 | 27

Table 2.4: ANOVA test for comparison of sea urchin distribution after combining left and right
incident light datasets for each light environment plus darkness, using the counts method.

1.5

Larvae Proportions

HP VP UP Dark
Lighting Regime

Figure 2.13: Larvae proportions for each light regime after an arcsine transformation for the
counts method. The numbers indicated on each bar are obtained from [TableT] for the
horizontally polarised (HP), vertically polarised (VP), unpolarised light (UP) and darkness
(Dark).

A comparison was made once again for the larval distribution, this time using the density
method. We can see the statistical comparison of the post hoc Tukey’s test in The
larvae response to horizontal polarisation versus vertical polarisation as well as unpolarised light
versus darkness was studied and, we found that a significant difference in the proportion of larvae
in the left and right sides of the chamber (p values of 0.0026 and < 0.0001 respectively). Once
again, there was no statistical difference between unpolarised light and horizontal polarisation
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setups nor darkness versus vertical polarisation setups. The ANOVA test prior to the combina-
tion of data for the incident light from the left and right can be seen in and after the
combination in and the arcsine transformed values are represented in a column graph

in [Figure 2.14]

Comparison P value | Statistical Difference
Horizontal vs. Vertical 0.0026 Yes
Horizontal vs. Halogen | 0.9981 No

Horizontal vs. Dark <0.0001 Yes
Vertical vs. Halogen 0.0017 Yes
Vertical vs. Dark 0.2090 No
Halogen vs. Dark <0.0001 Yes

Table 2.5: Paired comparison of the different light regimes after performing a posthoc Tukey’s
multiple comparison test using the density method

Source of Sum of dof Mean F(DFH,DFd) p

Variations Squares Squares value

petween | 01791 | 5 | 0.03582 | F(5,18) = 6.472 | 0.0013

Datasets

Within 1 09963 | 18 | 0.005535

Datasets

Total 0.2787 23

Table 2.6: ANOVA test for comparison of sea urchin distribution for horizontally, vertically
polarised and unpolarised light for the light incident from the left separately from the light
incident from the right, using the density method.

Sogrc? of Sum of dof Mean F(DFH,DFd) P
Variations | Squares Squares value

petween 13430 | 3 | 0.1143 | F(3,24) = 17.00 | <107*

Datasets

Within 1 5 1614 | 24 | 0.006724

Datasets

Total 0.5043 | 27

Table 2.7: ANOVA test for comparison of sea urchin distribution after combining left and right
incident light datasets for each light environment plus darkness, using the counts method.
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1.5

Larvae Proportionas

HP VP UP Dark
Lighting Regime

Figure 2.14: Larvae proportions for each light regime after an arcsine transformation for the
density method. The numbers indicated on each bar are obtained from for the
horizontally polarised (HP), vertically polarised (VP), unpolarised light (UP) and darkness
(Dark).

For the elliptical polarisations, there was no difference in the response of the larvae to
the "horizontal’ and ’vertical’ orientations of the polarising filter. The larvae showed positive
phototaxis to both configurations (F(2,17) = 0.1290 and P = 0.8798, see [Table 2.8 and [Table]
. For circular polarisations, larvae also showed positive phototaxis for both left-handed and
right-handed polarisations (F'(2,17) = 0.8498 and P = 0.4449, see |Table 2.10| and [Table 2.11)).

2.4 Data Analysis

The comparison of the mean values of horizontally polarised light, vertically polarised light, and
unpolarised light incident from the left vs. the right of the water chamber was performed using
a Tukey test, allowing for pairwise comparisons. for the counts method [Figure 2.17|
for the density method both shows that for horizontally polarised light, vertically polarised light
and unpolarised light and, there is no statistical difference between the larval distributions with
the light incident from the left vs. the right.

A Tukey test was also performed after the combination of the results of the light incident
from the left and the right, this time incorporating the data for no light exposure. We can

see in for the counts method and in for the denstiy method, there is a
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clear difference in the means of vertical polarisation when compared to horizontal polarisation.
There is also a difference between unpolarised light and darkness, unpolarised light and vertical
polarisation, and darkness and horizontal polarisation. Note that there is no statistical difference
between horizontal polarisation and the halogen lamp, as well as no difference between dark and
vertical polarisation.

Figure 2.15: Tukey test of the counts method for light sources of horizontally polarised,
vertically polarised and unpolarised light with incident light coming from the left and right of
the water chamber. In particular, we can see that there was no statistical difference between
left horizontally vs. right horizontally polarised light, left vertically vs. right vertically
polarised light and left unpolarised vs. right unpolarised light.
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Figure 2.16: Tukey test of the counts metho dafter combining left and right incident light
sources. We can see that there is a statistical difference between horizontal polarisation and
vertical polarisation. Interestingly there is no statistical difference between unpolarised light
and horizontally polarised light as well as between vertically polarised light and darkness.

95% Confidence Intervals (Tukey)

Right Vertical - Right Halogen | +~—e—~ ° i

RightgHori_zontaI - Right Halogen - —— Column means diff.
Right Horizontal - Right Vertical — ——

eft Halogen - Right Halogen - ——

Left Halogen - Right Vertical - e

Left Halogen - Right Horizontal — —t—
Left Vertical - Right Halogen 4 —e—
Left Vertical - Right Vertical - ——

Left Vertical - Right Horizontal 4 —e—:
Left Vertical - Left Halogen o —e—

Left Horizontal - Right Halogen - ———
Left Horizontal - Right Vertical - ——
Left Horizontal - Right Horizontal | +—e—
Left Horizontal - Left Halogen - —e&——
Left Horizontal - Left Vertical - ——e—

4 -2 0 2 4
Difference between group means

Figure 2.17: Tukey test of the density method for light sources of horizontally polarised,
vertically polarised and unpolarised light with incident light coming from the left and right of
the water chamber.

In we display the proportions of the larvae in the half of the ROI closer to the

65



95% Confidence Intervals (Tukey)

Halogen - Dark - - ® Column means diff.
Vertical Polarisation - Dark - »-—o—c
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Horizontal Polarisation - Dark = P
Horizontal Polarisation - Halogen - »—o—c
Horizontal Polarisation - Vertical Polarisation ——

1 1 1 1
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Difference between group means

Figure 2.18: Tukey test of the density method after combining left and right incident light
sources.

light source compared to the half further away after an arcsine transformation, for the elliptical
polarisations as well as for unpolarised halogen light. is the corresponding ANOVA
table. We find F'(2,17) = 0.1290 and a p-value of 0.8798, thus indicating that the response of
the larvae to the two elliptical polarisations were statistically similar and also the same as their
response to the unpolarised halogen light.

Light Regime Mean | Standard Deviation | n
Horizontal Elliptical 1.029 0.1439 6
Vertical Elliptical 1.058 0.09525 6
Unpolarised Halogen Light | 1.041 0.05098 8

Table 2.8: Proportion of larvae in the half of the ROI closer to the light source compared to
the half further away for the two elliptical polarisation setups and the unpolarised light setup.
The numbers are obtained after an arcsine transformation. The horizontal polarisation was
obtained by placing the linear polarisation filter in the horizontal orientation, and vertical
polarisation by placing the linear polarisation filter in the vertical orientation. There were

n = 8 repeats for unpolarised halogen, and n = 6 for horizontal elliptical and vertical elliptical
polarisations.

In we display the proportions of the larvae in the ROI half closer to the light
source compared to the half further away after an arcsine transformation, for left-handed and
right-handed circular polarisations, as well as for unpolarised halogen light. is the
ANOVA table for the data obtained for and we can see again from F'(2,17) = 0.8498
with p = 0.4449 that the larvae reacted the same to the left-handed and right-handed circular
polarisations. They had the same reaction as for unpolarised halogen light. This shows that
the larvae can detect elliptical and circular polarisations and do not show a preference for one
of the elliptical polarisations nor for one of the circular polarisations.
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Source of Sum of Mean P
Variations Squares dof Squares F(DFH’DFd) value
petween | 0.002537 | 2 | 0.001268 | F(2,17) = 0.1290 | 0.8798
atasets
oyithin 01672 | 17 | 0.009833
atasets
Total 0.1679 19

Table 2.9: ANOVA test based on the data from [Table 2.8 This shows that the larval response
to elliptical polarisations are not statistically different from each other, nor are they different
from unpolarised light.

Light Regime Mean | Standard Deviation | n
Left-handed 0.9977 0.1240 6
Right-handed 1.084 0.1608 6
Unpolarised Halogen Light | 1.041 0.05098 8

Table 2.10: Proportion of larvae for each light setup, after an arcsine transformation, in the
half of the ROI closer to the light source compared to the half further away for left-handed
and right-handed circularly polarised halogen light, as well as for unpolarised halogen light.
There were n = 8 repeats for unpolarised halogen, and n = 6 for the circular polarisations.

Source of Sum of Mean P
Variations Squares dof Squares F(DFH’DFd) value
petween | 002243 | 2 | 0.01122 | F(2,17) = 0.8498 | 0.4449
atasets
Within
Datasets 0.2244 17 | 0.01320
Total 0.2468 19

Table 2.11: ANOVA test based on the data from This is a comparison of
distribution of sea urchin larvae to left-handed, right-handed and unpolarised light. We can
see from the p value of 0.4449, there is no statistical difference in their response to each
lighting regime.
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Spectral Analysis

Figure 2.19: Spectra of the halogen lamp used.

shows the spectrum of the halogen lamp used. We have the intensity in counts on
the y-axis and the wavelength in nanometres on the x-axis. The peak wavelength is around
640 nm. The shape of the spectrum nicely resembles the spectrum of sunlight on the surface of
Earth.

Polarisation | Intensity (a.u.) | Cross Polarisation Intensity (a.u.)
Linear 565.07 6.99
Circular 846.62 8.10

Table 2.12: Measured intensities of light passing through the water chamber with a polariser
and after a cross polariser.

shows the measured intensities of the halogen lamp after passing through one
polariser (linear and circular) and also the measured intensities after their respective cross
polariser. A ratio of cross-polarisation intensity to polarisation intensity of 0.5 would mean that
it has become completely depolarised, whilst a ratio of 0 would mean that it has retained all of
its polarisation. We see that for linear polarisation, the ratio is 0.0124, which means that over
97% if light passing through the water chamber retained its linear polarisation. For circular
polarisation, this ratio is 0.0096, which means that over 98% of the light retained its circular
polarisation. This means that any depolarisation effects from the interactions of light to the
glass and the water can be safely ignored.

2.5 Discussion

Here we showed that the larvae of the sea urchin (C. rodgersii) larvae were sensitive to white
(halogen) light, exhibiting positive phototaxis. In contrast, the larvae sank to the bottom of
the chamber or did not show a visible swimming response in the darkness (no light exposure).
We also show that the polarisation of light matters to larvae swimming patterns. Positive
phototaxis of larvae was observed when they were exposed to horizontally polarised light but
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not to vertically polarised light. This trend does not appear to be the case when the light
source was moved to a higher angle to mimic elliptical polarisation (which includes light that is
polarised both in the horizontal and vertical directions). This indicates that the larvae responded
to polarised light parallel to the ground, i.e. horizontally polarised light.

We also found no statistical difference in larvae distributions in response to horizontally
polarised light and unpolarised light (p-value = 0.9947), nor were there any differences between
vertically polarised light and dark (p-value = 0.4969). This suggests that the larvae have the
same reaction to vertically polarised light as they do to no light exposure. This could mean that
the photoreceptors of larvae are only responsive to horizontal polarisation.

There are a number of caveats to our study. For example, we tried to account for the counting
of non-larval particles by setting criteria on particle sizes. However, this meant that some larvae
towards the further side of the water chamber might not have been counted due to their smaller
apparent size. In addition, larvae in the background were less lit up, so they also might not
have been incorporated in the counts. We have assumed that any of the larvae that were not
counted in the back due to the above reasons were in the same proportion as the larvae that
were counted in the front, due to the symmetrical nature of the water chamber (i.e. we have
assumed that the proportional distribution of the larvae within the ROI should be relatively
unchanged), but this might not be the case. Furthermore, we note that the images that we
took were not taken from the same perspective every time. This may impact the estimates of
the larvae counts due to the projection of a 3 dimensional image onto a 2 dimensional plane.
This should not impact the comparison of larvae counts in the left and right sides of the ROI
for each individual image, but would be an issue if we wanted to compare the larvae counts
across multiple images. It appears also that changing the comparison regions did not greatly
impact the results as long as the analysis was done consistently. Furthermore, we note that
changes in perspective were mainly due to changes in the vertical location of the camera (since
the water chamber was centred in the frame with each image taken). As our study focused on
the horizontal movement of the sea urchin larvae, vertical changes in perspective should not
have a great impact on the comparison of horizontal larvae distributions. Thus, in general, we
do not expect the changes in perspective to greatly affect our final results. We acknowledge that
future experiments should have a fixed camera. Finally, we note that the circular polarisers used
in our setups have a polarising efficiency of > 99.9%. The fact that the efficiency is not perfect
could mean that some larvae were exposed to unpolarised light. However, the corresponding flux
would be extremely small, so the larvae would need to have extremely sensitive photoreceptors
to detect it. In the future, experimental improvements could involve reducing the glare and
contaminants, keeping a constant perspective for taking images, increasing the image quality
for more accurate counting of the larvae, and increasing the number of runs. However, we do
not, expect the results to change dramatically.

Spectral analysis was also performed on the intensities after cross-polarisers for both linearly
and circularly polarised light. 97 % of linearly polarised light and 98 % of circularly polarised
light retained its polarisation after transmission through the water chamber. This shows that
the depolarisation of light as a result of its interactions with glass and seawater is negligible and
can be ignored. We can thus safely conclude that the responses of the sea urchins under the
different polarisations of light are valid and not as an effect of depolarisation.

The water temperatures of the aquarium were not measured. Fluctuations in water tem-
perature could have been caused by changes in climate between experimental runs, as well as
differences in photon flux. Using a linear or circular polariser would effectively reduce the pho-
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ton flux at the aquarium by half when compared to the unpolarised halogen runs. As a result,
the water temperatures between the halogen, darkness, and polarised experimental runs could
have differed. However, if the movement of the sea urchin larvae was caused by changes in
water temperature, then the reactions of the larvae should have been the same when exposed to
horizontally and vertically polarised light, as these runs would have delivered a similar photon
flux to the aquarium. From our results, we observed that this was not the case, indicating that
the differences were caused solely by the different polarisation modes.

To our knowledge, there is no documented case of cells being intrinsically sensitive to circu-
larly polarised light [121]. For example, stromatopods are sensitive to circular polarisation but
they posses specialised cells that act as quarter-waveplates that convert circularly polarised light
into linearly polarised light [109]. The fact that sea urchin larvae seemed to display positive
phototaxis after exposure to circularly polarised light but did not show a preference between
left-handedhanded and right-handed circular polarisation suggests that they might possess an
entirely new mechanism for detecting circular polarisation. This would warrant a dedicated
study that includes an in-depth look at the morphology and orientation in the water column of
sea urchin larvae, which may lead to exciting results.

2.6 Conclusion

In this work, we compared the swimming responses of larvae of the sea urchin species C. rodgersii
after exposure to an unpolarised halogen, horizontally polarised halogen, vertically polarised
halogen, and to darkness. We found that there was a positive phototaxis response after 10 min
of exposure to unpolarised and horizontally polarised halogen light and no phototaxis after 10
min of exposure to vertically polarised halogen light and darkness. In fact, the larval response
to unpolarised halogen and horizontally polarised halogen light was statistically equivalent, as
well as the larval response to vertically polarised light, when compared to no light exposure.
Our results suggest that not only do these sea urchin larvae have photoreceptors sensitive to
light in the visible spectrum but also may have photo-receptors that are sensitive to horizontal
polarisation (and not sensitive to vertical polarisation).

Photoreceptor cells usually contain the retinal molecule 11-cis retinal and a G-coupled protein
receptor that forms the opsin protein. Upon a conformal change from 11-cis-retinal to all-trans-
retinal, the opsin protein activates and sends a phototranducton cascade down the neurone
[263, 264]. Photons with polarisation parallel to the double carbon-carbon bonds present in the
retinal molecules are absorbed and converted to an electrical impulse [265]. Hence polarisation
sensitivity can arise when groups of photoreceptors are aligned with each other in aligned mi-
crovilli [123]. Given that sea urchin larvae appear to possess Opsin2 [228] and are sensitive to
horizontally polarised light, one may speculate that sea urchin larvae have photoreceptor cells
that are aligned and preferentially horizontal.

The larvae also demonstrated a positive phototaxis response to circularly polarised light, indi-
cating that they may possess a mechanism for circular polarisation detection. However, as these
larvae did not show a preference between left-handed and right-handed circular polarisations,
one should investigate whether sea urchin larvae possess cells similar to the quarter-waveplate
cells of stromatopods. The absence of such cells would indicate a novel circular polarisation
detection mechanism that could lead to the development of new technologies and possibly a
new understanding of underwater vision.
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CHAPTER 3

Adult Sea Urchins Seeing Polarisation

The following work is an adaptation of a submitted manuscript titled: "The response of the
sea urchins Fchinus esculentus, Paracentrotus lividus and Psammechinus miliaris to Different
Light Intensities and Polarisation states" by Ben Li, Zhenxu Yang, Helena C. Reinardy, Julien
Reboud, Filippo Menolascina, Ken-Tye Yong, Maria Byrne and Céline Baehm.

Author Contributions:

— Ben Li: Conceptualisation (main), Methodology (main), Investigation (main), Data Anal-
ysis (main), Writing (original draft).

— Zhenxu Yang: Investigation (supporting), Writing (review).

— Helena C. Reinardy: Methodology (supporting), Sea Urchin housing (main), Writing (re-
view and editing).

— Julien Reboud: Methodology (supporting), Writing (review and editing).
— Filippo Menolascina: Methodology (supporting).
— Ken-Tye Yong: Writing (review), Supervision (supporting)

— Maria Byrne: Conceptualisation (supporting), Methodology (supporting), Writing (re-
view), Supervision (supporting).

— Céline Beehm: Conceptualisation (supporting), Methodology (supporting), Writing (re-
view and editing), Supervision (main).

This chapter outlines the work done following the studies conducted on the larvae of sea
urchins. Based on previous results that sea urchin larvae possess the ability to detect light and
have sensitivity towards horizontally polarised light, it was interesting to us whether adult sea
urchins could possess the same abilities. As the larval and adult stages of the sea urchin life
cycle are separated by a physical metamorphosis, we wondered whether the structural change
affects their ability to sense light and polarisation. The following experiments are conducted
with this question in mind; however, the species of sea urchins have changed due to seasonal
restrictions. Nonetheless, the knowledge of potential polarisation sensitivity in adults would
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clear the path to answering that question. This investigation was carried out at the facilities
provided by the Scottish Association for Marine Science (SAMS) to allow multiple species of
sea urchins to be tested at the same time.

The usefulness and importance of light polarisation have skyrocketed in recent times with
applications found in biomedicine, imaging, characterisation of biological and chemical systems,
and astrophysics just to name a few. Ecologically, more and more examples of flora and fauna
are found to utilise the polarisation of light for growth, navigation, and communication, increas-
ing the need for polarisation characterisation. Current polarimetric photodetectors for visible
light generally use a polarising filter, which reduces their overall sensitivity and effectiveness.
This motivates the search for better alternatives, both for linear and circular polarisations. In
this work, we explore the possibility of polarisation detection via biomimicry by investigating
the linear and circular polarisation sensitivity of the sea urchin species Paracentrotus lividus,
Echinus esculentus, and Psammechinus miliaris through their phototactic responses under il-
lumination of light. It was discovered that P. miliaris has the ability to differentiate between
horizontally and vertically polarised halogen light, and additionally P. lividus potentially has
the ability to differentiate circularly polarised light. These findings could lead to a novel mech-
anism of polarisation detection in the visible domain and a step toward a new technology or its
determination. Such a detector would be simpler compared to current alternatives, making it
cheaper and easier to produce, and it would also allow for direct detection of polarised light in
the visible wavelengths.
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3.1 Introduction

Polarisation is a fundamental property of visible light and all electromagnetic radiation, with
applications spanning across many different fields of research, often interdisciplinary. It has im-
plementations in biomedical and clinical imaging, to characterise complex tissue samples [140-
143] and for diagnostics [144146]. There are also potential therapeutic applications for the
use of polarised light in tissue healing [147H150], immunomodulation [151] and photobiomodu-
lation [152]. Outside the field of medicine, polarisation microscopy can reveal information very
quickly about the orientations of molecules, including collagen fibres [153, [154], proteins, cellu-
lar structures [155] and liquid crystals [156]. Polarisation also has many everyday technological
uses; such as improving the efficiency in liquid crystal displays (LCDs) [157, |158], increasing the
contrast in photography in cameras but also in the retina [159] and reducing glare [160].

Recently, the importance of polarisation in the animal kingdom has increasingly come to the
fore. From navigation in insects and arthropods [161H165] to communication in cephalopods
and stromatopods [166] - the latter being currently the only species that appears to use circular
rather than linear polarisation. In addition, polarisation is also used in the identification of
predators and prey and in the responses in certain species of fish [167, [168]. Furthermore, it
is used for the selection of habitat for semiaquatic insects [169], as well as to facilitate shore
flight responses in water fleas [170]. Polarisation is significant in the study of plant development,
resulting in better growth rates of maize and white lupin under linearly polarised light [171} [172]
and higher germination rates of Arabidopsis and lettuce under circularly polarised light [173].

Realisation of the effects and applications of polarised light requires its characterisation. This
is normally done via the use of polarisation detectors. Current detection methods of polarised
electromagnetic waves spanning from infrared to visible to ultraviolet (UV) light generally in-
clude the use of polarisers or polarising filters. From Malus’s law the transmitted intensity of
polarised light through a linear polariser is:

I = Iycos® 0 (3.1)

where [ is the transmitted intensity, Iy is the intensity of incident polarised light, and 6 is the
angle between the direction of polarisation and the transmission axis of the polariser. In short,
light with its polarisation parallel to the transmission axis is allowed through the polariser, and
light with its polarisation perpendicular to the transmission axis is blocked. This can be used to
characterise the polarisation of an unknown source by rotating the polariser until the measured
intensity matches the incident intensity [199, 266]. For circularly polarised light, the inclusion
of a quarter waveplate, which converts circularly polarised light to linearly polarised light [267],
allows the determination of left-handed or right-handed polarisation states. However, such
methods can only determine the polarisation state indirectly by measuring the intensity of light
transmitted through a polariser. This additional optical filter adds to the complexity, size, and
costs associated with such polarimetric photodetectors, and can also cause a loss of sensitivity
and responsiveness of the photodetector [200]. This calls for methods of direct detection of
polarisation to mitigate such restrictions. Current research on alternatives includes inorganic
semiconductors [200} 201], carbon nanotubes [202, 203], and inorganic nanowires [204} |205].

In this work, we explore a novel method for the detection of polarisation using the biolog-
ical mechanisms of animal sensitivity to polarisation. Polarisation sensitivity in some animals
arises due to their photodetection mechanism, using chromophores. Chromophores are natu-
rally dichroic, and polarisation sensitivity is due to the ordering of chromophore molecules [121,
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123|. This mechanism can be exploited to possibly create a device that can directly detect the
polarisation state of light, without the need to a separate filter, enhancing their sensitivity and
resolution. Furthermore, the optical properties of chromophores have been well documented and
studied, especially their peak wavelengths [128| 134) 206]. A polarimetric photodetector based
on chromophores could potentially be extremely tunable to measure different wavelengths by
switching out the base chromophore.

We were especially interested in sea urchins due to the calcite in their skeletons and tube
feet [207] 208|, where their photorecptors reside. Calcite interacts anisotropically with different
polarisations of light [207] since calcite has high birefringent properties [209]. Coupled with the
photoreceptors, this could potentially lead to linear and circular polarisation sensitivity in sea
urchins, which uses both the birefringent properties of calcite and the polarisation sensitivity of
aligned chromophores.

Here we study the sensitivity of three sea urchin species Paracentrotus lividus, Echinus escu-
lentus and Psammechinus miliaris light and in particular towards both linearly and circularly
polarised light. Certain species of sea urchins have already been shown to react to light, with
an observed behaviour of both negative and positive phototaxis [268] 269|, indicating that they
possess photoreceptors. In fact, photoreceptor cells have been found in the tube feet of sea
urchins 270, |271] and they are all interconnected to essentially form one large compound eye.
Interestingly, juvenile sea urchins after metamorphosis [272] were found to have no phototaxis
until their skeleton was completed after metamorphosis, suggesting that the skeleton is used as a
photoreceptor cell screening device [270]. Any polarisation detection could pave the way to the
possible development of a novel polarimetric photodetector. This would utilise the same mech-
anism that these sea urchins use to detect polarisation, which would not only directly measure
the polarisation state of light, but would also help miniaturise the technology.

This chapter is divided into multiple sections. showcases the experimental setup.
The results can be found in The discussion is in and the conclusion can
be found in Section 3.5

3.2 Experimental set up

Species

For this experiment, three species of sea urchins were used; P. lividus, E. esculentus and P.
miliaris. A specimen of the sea urchin Paracentrotus lividus can be seen in In
particular one can see small tubular appendages protruding from the body which are used for
locomotion, feeding, respiration, as well as for photo detection [273],274]. In addition, specimens
of all three species can be seen in We were especially interested in the locomotory
response of the sea urchins to different lighting regimes. The sea urchins were obtained and
housed at the Scottish Association for Marine Science (SAMS), and the experiments were carried
out on site. We performed three separate experiments on each species. Firstly, each species were
subjected to unpolarised halogen light to test for a phototactic response and varying the source
to see if the behaviour of the sea urchins changed with different light intensities. A Thorlabs
OSL2 halogen light source was chosen because its spectrum resembles the visible spectrum of
sunlight. Once their response to light was established the sea urchins were subjected to different
linear(horizontal and vertical) polarisations. We also tested their response to left-handed and
right-handed circular polarisations.
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Figure 3.1: A specimen of the sea urchin species Paracentrotus lividus. We can see clearly the
spines and rigid spines and the more flexible tube feet which they use for photo detection and
also movement.

Figure 3.2: Specimens of the sea urchin (A) Echinus esculentus, (B) Paracentrotus lividus and
(C) Psammechinus miliaris |275]. The scale bar shows 10 mm.

Intensity Test

To test for their response to illumination under unpolarised halogen light, an individual sea
urchin was placed in the middle of a 50 cm x 50 cm x 30 cm acrylic tank filled with 1 micron
filtered seawater. The halogen light source was initially placed on the right hand side of the tank
and the light source switched on. The intensity and spectrum of the light source were measured
at a distance of 1 metre from the lightbulb using an OHSP-350 series light meter, with the light
passing through the tank and the water. A measuring grid, with spacings of 2 inches between
lines, was also placed below the water tank to measure the scale of their movements. The sea
urchins were chosen at random and were swapped out after one test to minimise the effects of
exhaustion. They were initially placed in the middle of the tank and their movements recorded
at 1080p and 24fps with a GoPro HERO10 Black, placed above the water tank, for a period of
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5 minutes. The room temperature was kept at approximately 14° Celsius and the water was
changed approximately every 4 hours for all the subsequent tests.

The experimental setup used can be seen in This was repeated 4 times for each
light intensity. P. lividus was subjected to measured intensities of 100, 213, 471 and 1000 lux.
E. esculentus was subjected to intensities of 100, 200, 500 and 1000 lux and P. miliaris was
subjected to intensities of 100, 227, 515 and 1038 lux. Here the intensities were not exactly the
same due to the sensitivity limitations of the tuning of the halogen light source.

Figure 3.3: Experimental Setup of test for sea urchin sensitivity to light and polarisation. The
sea urchins were placed in a 50 cm x 50 cm X 30 cm acrylic tank, filled with filtered sea water
(1 pm). A halogen light source was used and, for polarisation tests, a polarising filter was
placed in front of the light source.

Linear Polarisation Test

Each individual of the different species was illuminated with different linear polarisations. A
Hoya 77 mm linear polarising filter was placed in front of the halogen light source, only allowing
one mode of polarisation through. We tested both horizontal and vertical modes by rotating
the filter in horizontal and vertical orientations with incident light laterally.
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Figure 3.4: Sea urchins subjected to different polarisations of halogen light incident from
above (a and b) and from the side (c and d). As the sea urchins are radial, they are free to
rotate along the horizontal plane, we assume that they can detect the two polarisation states
as the same after rotation. In images (c) & (d) we have sea urchins subjected to different
polarisation modes of halogen light incident from the side. The sea urchins are not free to
rotate along the vertical plane (i.e flip), thus they perceive the two polarisations as as
fundamentally different. This allows for a test of their polarisation differentiation capabilities.

The intensity of light (measured at a distance of 1 m away) was set to 300 lux. We first
tested for the degree of depolarisation of light by measuring the transmitted intensity under
cross polarisers, using another linear polariser placed in front of the light meter and orientated
perpendicularly to the original filter orientation. A lower transmitted intensity as a result of
cross polarisation means that most of the light retained its polarisation.

Again, sea urchin individuals were chosen at random and placed in the middle of the water
tank for locomotion testing. After one test, they were changed with another member of their
species to minimise the effects of exhaustion. We repeated this procedure until all tests for that
species were concluded. The order of the species tested was also randomised.

The response of individual sea urchins of each species was recorded over a 5 minute period for
horizontally polarised light and vertically polarised light with repetitions (n = 8 for P. lividus,
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n= 17 for E. esculentus and n = 10 for P. Miliaris).

Additionally, the response of sea urchins to polarised light was also tested for incident light
from the left. This was done to make sure that, under illumination, the urchins had a consistent
response that was only due to the light source and not to some other environmental factor of
the room.

Circular Polarisation Test

Finally, each species was tested under left-handed and right-handed circular polarised light.
This time, a circular polarising filter was placed in front of the halogen light source, one to test
the left-handed polarisation and one for the right-handed polarisation. The polarisers used were
the 50 mm CP42HE and CP42HER filters from Edmund Optics. The light intensity was once
again set to 300 lux, and the movements of individual sea urchins of each species were recorded
over a 5-minute period with repetitions (n=4 individuals for each species).

Data Analysis

For analysis of the movement speeds of sea urchins, frames were extracted from the video
recordings at time stamps of 5 s, 60 s, 120 s, 180 s, 240 s, and 300 s. The distance of movement
over the 300 second period was measured using the built-in measuring tool from the ImagelJ
software [276).

This measurement in pixels, was converted into cm using the measuring grid present in the
images. Because we wanted to measure phototaxis, only the sea urchins movements towards or
away from the light source was taken into account. Movement along the other axis were not used
to judge phototaxis, as it is perpendicular to the direction of light incidence. The movement
speed was then calculated and analysed for the different lighting regimes (unpolarised, linearly
polarised, and circularly polarised) in GraphPad Prism (version 10.5.0 for Windows, GraphPad
Software, Boston, Massachusetts USA) for each species. Statistical analysis on the movement
speeds of sea urchins under horizontally polarised light was compared with their movement
speeds under vertically polarised light using a t-test with Welch’s correction, as the sample sizes
were not the same. This was then also performed on the movement speeds under illumination
of left-handed circularly polarised light compared to right-handed circularly polarised light.

3.3 Results

Halogen light spectra and polarisation.

The spectra of the halogen light source can be found in we confirm that it is a
continuous spectrum in the visible wavelengths, similar to that of sunlight.

The measured depolarisation of light can be seen in and we obtained values
of approximately 2 % that of horizontally polarised light and 4 % that of vertically polarised
light were depolarised after passing through the glass and the water. This meant that for the
polarised tests, the behaviour of the sea urchins was due to polarised light.
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Intensity

An example composite image made from these extracted frames of the movement of a Psam-
mechinus miliaris sea urchin exposed to 1000 lux of unpolarised halogen light, incident from the
right, can be seen in The positions of the sea urchin are recorded with timestamps
at 5s, 60 s, 120 s, 180 s, 240 s, and 300 s. The first image was taken at 5 s to allow the water to
settle after the placement of the sea urchin in the water tank. There is a progressive movement
towards the left, away from the light source, which showcases negative phototaxis in this case.
The complete data for the intensity tests for the three species can be found in

Figure 3.5: Movement of Psammechinus miliaris to 1000 Lux of unpolarised halogen light over
a period of 5 min at 5 s, 60 s, 120 s, 180 s, 240 s and 300 s. The light source is incident from
the right and the movement of the sea urchins are to the left. This showcases their negative
phototaxis.

All species of sea urchins tested responded with negative phototaxis under illumination of
unpolarised halogen light can be seen in It shows the negative phototactic velocities
of E. esculentus, P. lividus and P. miliaris under different intensities. Here, we define negative
phototaxis with positive velocities and positive phototaxis with negative velocities. There is
a general trend of increased movement speeds under higher intensities for P. lividus and P.
miliaris; however, a robust relation cannot be established due to the large error bars. Inter-
estingly, in regards to the behaviour of E. esculentus, there does not seem to be an increase in
the movement speed with higher intensities even though they also display a trend of negative
phototaxis. However, this may be due to the fact that we have initially chosen larger and older
individuals for clarity of the video recording. Indeed, observationally, larger individuals tend to
have less movement, which could be due to their higher mass which may cause movements to be
more difficult/slower. Thus, to mitigate this issue, further testing with E. esculentus, which is
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the linear and circular polarisation tests, were performed with smaller individuals, which were
more similar in sizes to the other species of sea urchins.
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Figure 3.6: Negative phototactic response of E. esculentus, P. lividus and P. miliaris (n=4) to
different intensities of unpolarised halogen light, showing the mean locomotive speeds and the
standard error of the mean (SEM).

Examples of composite images of the sea urchin locations at 5 s (red) and 300 s (green) can

be found for E. esculentus in[Figure 3.7, for P. lividus in[Figure 3.8 and for P. miliaris in[Figure]

All three species showcased negative phototaxis in general with some exceptions for some
individuals of FE. esculentus at 200 lux. However, overall, all species had consistent negative
phototaxis from unpolarised halogen light.
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(a) 100 lux (b) 200 lux

(c) 500 lux (d) 1000 lux

Figure 3.7: Composite images of the response of E. esculentus after 5 min of illumination of
unpolarised halogen light of varying intensities; (a) 100 lux, (b) 200 lux, (c) 500 lux and (d)
1000 lux. Each image is a composite image of the positions of the sea urchin at 5 s (red) and
300 s (green) after the halogen light was switched on.

(a) 100 lux (b) 213 lux

(c) 471 lux (d) 1000 lux

Figure 3.8: Composite images of the response of P. lividus after 5 min of illumination of
unpolarised halogen light of varying intensities; (a) 100 lux, (b) 213 lux, (c) 471 lux and (d)
1000 lux. Each image is a composite image of the positions of the sea urchin at 5 s (red) and
300 s (green) after the halogen light was switched on.
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(a) 100 lux (b) 227 lux

(c) 515 lux (d) 1038 lux

Figure 3.9: Composite images of the response of P. miliaris after 5 min of illumination of
unpolarised halogen light of varying intensities; (a) 100 lux, (b) 227 lux, (c¢) 515 lux and (d)
1038 lux. Each image is a composite image of the positions of the sea urchin at 5 s (red) and
300 s (green) after the halogen light was switched on.

Linear Polarisation

The response of P. lividus, E. esculentus and P. miliaris under illumination of horizontally and
vertically polarised halogen light can be seen in The complete results can be found

in [Appendix D

We also confirmed that under the incidence of polarised light from both the right and left
sides of the water tank, the sea urchins consistently responded with negative phototaxis. This
confirms that not only do they have a mechanism of polarised light detection, but since they
also consistently move away from the light source, their movements were caused by the incident
light not due to some other environmental factor of the testing room where this experiment was
performed. shows the results of a t-test with Welch’s correction, revealing the general
trend of greater movement under horizontal polarisation compared to vertical polarisation for
P. lividus and E. esculentus. But, it is not statistically significant with p-values of 0.2472
and 0.3220 respectively. However, P. miliaris, shows higher negative phototactic speeds under
horizontal polarisation, compared to vertical polarisation with a p-value of 0.0282.

Once again, composite images of the merged frames extracted at 5 s (red) and 300 s (green)
after illumination of linear polarised light can be seen for; E. esculentus in P. lividus

in and, P. miliaris in
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Figure 3.10: Response of P. lividus, E. esculentus and P. miliaris to horizontally and
vertically polarised halogen light showing the average locomotive velocities and the SEM. On
average, there is a larger phototaxis under horizontally polarised light than compared to the
vertical polarisation.

(a) Horizontal Polarisation (b) Vertical Polarisation

Figure 3.11: The response of E. esculentus after 300 seconds of polarised light illumination
showing the initial (red) and final (green) positions of the sea urchins; (a) horizontal
polarisation and (b) vertical polarisation. Again, we can see that their phototaxis is
consistently negative for both polarisations and also similar in magnitude.
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Species p-value | z score
Paracentrotus lividus 0.2472 | 1.16 o
Echinus esculentus 0.3220 | 0.99 ¢
Psammechinus miliaris | 0.0282 | 2.19 o

Table 3.1: Statistical evaluation of the comparison of the movement speeds of phototaxis of
the three species of sea urchins to horizontally polarised light compared to vertically polarised
light.

(a) Horizontal Polarisation (b) Vertical Polarisation

Figure 3.12: The response of P. lividus after 300 seconds of polarised light illumination
showing the initial (red) and final (green) positions of the sea urchins; (a) horizontal
polarisation and (b) vertical polarisation. We can see that their phototaxis is consistently
negative for both polarisations and also similar in magnitude.

(a) Horizontal Polarisation (b) Vertical Polarisation

Figure 3.13: The response of P. miliaris after 300 seconds of polarised light illumination
showing the initial (red) and final (green) positions of the sea urchins; (a) horizontal
polarisation and (b) vertical polarisation. Whilst there is negative phototaxis under both
horizontal and vertical polarisations, this time, it appears that the movement is greater under
horizontally polarised light when compared to vertically polarised light.

Circular Polarisation

Under circular polarisation, we also observed a negative phototaxis response for each of the sea

urchin species, as shown in [Figure 5.14] The complete results can be found in
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Figure 3.14: Response of P. lividus, E. esculentus and P. miliaris to left-handed and
right-handed polarisations of light, showing the average and the SEM. There is a negative
phototaxis under left-handed polarisation, however there does not seem to be an average
direction under right-handed polarisation. This seems to indicate that they may not see
right-handed polarised light.

Both E. esculentus and P. miliaris showcased negative phototaxis toward both circular
polarisations. However, while P. lividus showed a clear negative phototactic response to left-
handed polarised light, their response to right-handed polarised light appears random with a
mean ca. 0.

Nonetheless, after performing a t-test with Welch’s correction on the data sets for each
species, there were no statistical differences between the responses of any species to left-handed
and right-handed circular polarisations (see . The large errors were the result of the
small sample size (n = 4), with more repetitions potentially clarifying if there is a difference in
response, especially for P. lividus.

The merged composite images showing the initial (red) and final (green) positions of the sea
urchins after 300 s of circular polarised light illumination can be seen for E. esculentus in

[3.15] for P. lividus in and for P. miliaris in
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Species p-value | z score
Paracentrotus lividus 0.1923 | 1.30 o
Echinus esculentus 0.6688 | 043 o
Psammechinus miliaris | 0.7230 | 0.35 o

Table 3.2: Comparison of the movement speeds of phototaxis of the three species of sea
urchins under illumination of left-handed circularly polarised light compared to right-handed
circularly polarised light. None of the species had statistically significant different behaviours
to illumination under left handed and right handed polarised light.

(a) Left-handed Polarisation (b) Right-handed Polarisation

Figure 3.15: The response of E. esculentus after 300 seconds of polarised light illumination
showing the initial (red) and final (green) positions of the sea urchins; (a) left-handed and (b)
right-handed polarised light. There is a consistent negative phototaxis for both circular
polarisation states of light, and both degrees of phototaxis appear to be very similar.

3.4 Discussion

All three species of sea urchins tested; P. lividus, E. esculentus as well as P. miliaris exhibited
negative phototaxis when exposed to unpolarised halogen light from the side. We note that
in their natural habitats, the light source that the sea urchins would experience would mostly
be from above, i.e., sunlight or moonlight. Although the lateral light setup does not mimic
natural down-welling light, it is actually a common method used in echinoderm shade-seeking
and shelter-location studies (e.g., Johnsen & Kier [277]). Here, a side-on lighting arrangement
was chosen for several reasons. The first is that we wanted to test for phototaxis of the sea
urchins as a response to the light source. If the light source was placed vertically above the sea
urchins, the phototaxis direction would be along the vertical axis (z-axis). This was not feasible
as the benthic adult sea urchins are unable to move down or swim up, rather, their movements
are along the floor of the tank. Thus, to measure phototaxis, the light source had to be placed
on the side. The second reason is due to the perceived polarisation modes of the sea urchins.
Observationally, sea urchins have the ability to rotate along the z-axis (yaw), but not along the
x-axis (roll) and the y-axis (pitch) [278]. This rotational freedom along the z-axis means that
they have the ability to ’see’ the two linear polarisation modes for light incident from above as
the same.

The lack of rotational freedom along the x and y-axes also means that the two polarisation
modes for light incident laterally would be fundamentally different from the point of view of the
sea urchins. Finally, this geometry enhances contrast-based cues and was deliberately chosen to
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(a) Left-handed Polarisation (b) Right-handed Polarisation

Figure 3.16: The response of P. lividus after 300 seconds of polarised light illumination
showing the initial (red) and final (green) positions of the sea urchins; (a) left-handed and (b)
right-handed polarised light. Whilst there is negative phototaxis under left-handed polarised
light, there is not a consistent negative phototaxis under right-handed polarised light. In fact,
this example showcases positive phototaxis. The sporadic nature of their movement under
right-handed polarisation indicates that their movements are not in response to the light and
that they do not appear to be able to detect it or they can detect it but do not respond to it.

(a) Left-handed Polarisation (b) Right-handed Polarisation

Figure 3.17: The response of P. miliaris after 300 seconds of polarised light illumination
showing the initial (red) and final (green) positions of the sea urchins; (a) left-handed and (b)
right-handed polarised light. Once again, there is a consistent phototaxis for both circular
polarisation states of light in both direction (negative) and magnitude.

maximise behavioural clarity under controlled lab conditions.

Since our analysis focused on gross displacement and directional response rather than fine
kinematics, the low-resolution manual tracking is sufficient. The use of animal tracking soft-
ware would not have enhanced the results in any significant way. In terms of their phototactic
responses to varying intensities, both Paracentrotus lividus and Psammechinus Miliaris had a
general trend of increased negative phototactic speeds for higher intensities. The avoidance of
high intensities of light is consistent with Sun et al. [268] who discovered that under illumination
of different intensities, the sea urchins spent more time in a region of lower intensity than in a
region of higher intensity. Some proposed reasons for phototactic behaviour include protection
against UV radiation, foraging for food, locating shelter, avoidance of predators, and embryonic
development [268] [279H281|. Whilst Echinus esculentus also had a consistently negative photo-
tactic response to the halogen light source, their movement speeds away from the light appeared
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to be fairly consistent at different intensities. However, due to the small sample size (n=4),
a robust conclusion about the relationship between intensity and movement speeds cannot be
elucidated except for a general negative phototactic response.

For the linear polarisation tests, all three species showed negative phototaxis to both hor-
izontal and vertical polarisations of light. Both P. lividus and FE. esculentus did not have a
statistically different response to the two polarisations, which is suggestive that they have the
ability to detect but not differentiate between the two polarisation modes. We note that their
mean velocities were higher under illumination of horizontally polarised light compared to ver-
tically polarised light. An increase in the sample size could potentially reduce the error bars
and separate the datasets.

However, the response of P. miliaris to horizontal and vertical polarisations was different,
with a faster velocity under exposure to horizontally polarised light compared to that of vertical
polarisation. This leads to the hypothesis that they have photodetectors capable of detecting
both horizontally and vertically polarised light, but perhaps in unequal numbers or a biased
distribution of tube feet. This might be the result of a greater number of their photoreceptors
firing under illumination of horizontally polarised light compared to vertically polarised light
and perceiving horizontal polarisations as brighter. This would also agree with their trend of
increased movements under higher intensities seen previously.

Under the same assumption, one would also assume that P. lividus has an equal number
of photoreceptors capable of detecting horizontal and vertical polarisations and that they see
the two modes as equally bright, given their similar responses. However, the situation is more
complex for E. esculentus , as they had no trend of increased phototaxis with increasing intensi-
ties. However, we note that the intensity tests for F. esculentus were performed with larger sea
urchins that were more sluggish in their movements, and the polarisation tests were carried out
with smaller urchins that resulted in greater movements overall. This warrants further testing
for E. esculentus, especially under varying intensities with smaller individuals to elucidate a
proper hypothesis on their photoreceptor arrangement.

One possible explanation for the differences in polarisation sensitivity between the three
species is in their niche habitats, in particular the depths of water in which they live. Even
though there is some overlap between the three species, generally both P. lividus and E. escu-
lentus are found subtidally [282, 283] and P. miliaris are found more intertidally [284]. This
means that, in particular, P. miliaris lives in shallower waters and is exposed to more sunlight.
Whilst, the degree of polarisation decreases with increasing depth of water [248| [285| [286|, in-
creasing the path distance of light through seawater increases the probability of its interaction
and subsequent depolarisation. Therefore, it is entirely possible that the detection of linear
polarisation would be more useful for P. miliaris than for P. lividus and E.s esculentus given
the abundance of linearly polarised light in shallower waters. Furthermore, due to how light
enters underwater through refraction characterised by Snell’s window, there is more horizon-
tally polarised light than vertically polarised light [249| [287]. This could potentially explain the
greater sensitivity of P. miliaris to horizontally polarised light.

One thing to note is that even though there is more of an abundance of horizontally polarised
light than compared to vertically polarised light in shallower waters, in our experiment we
assumed that the sea urchins do have the ability to rotate along the z-axis i.e yaw. However,
the ocean floor is not flat like in our experiment tank, and the sea urchins exist in a variety of
orientations, sometimes climbing up vertical surfaces. This effectively allows them to ’'rotate’
along the z-axis and see vertically polarised light as horizontally polarised light. Thus, this may
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be a plausible explanation for why, whilst Psammechinus miliaris can differentiate between the
two linear polarisations given the more abundant horizontally polarised light, they still have the
ability to see vertically polarised light.

Under illumination of left-handed and right-handed circular polarisations, all three species
displayed negative phototaxis for at least one polarisation mode. We did not find any statistically
significant differences between the responses to the two polarisation modes for any species.
However, looking specifically at the movement of P.lividus under exposure to right-handed
polarised light, we can see that the mean movement velocity is quite close to 0. This is suggestive
that their movements under right handed polarised light are random and not influenced by the
light at all. This means that they do not have the ability to detect right-handed polarised
light and the statistical similarities between their response to left-handed and right-handed
polarisation are due to the relatively low sample size (n=4). Further testing with a larger
size would be needed to determine if, in fact, they do have the ability to detect right-handed
polarisations or not. If they do not, it would be a very interesting result, since the ability to
differentiate between circular polarisations has only been observed so far in one other species in
mantis shrimp [109].

We note that while our sample sizes are small, this is consistent with precedent studies on
sea urchin behaviour under photo-irradiation (e.g. Sun et al. [268]), which have used similar
group sizes. Due to the exploratory nature of this work, a conscious choice was made where
we wanted to test for as many different polarisation modes on as many sea urchin species as
possible at the detriment of large sample sizes. However the results of this work will lead to
more focused future work, targetting the species that are potentially sensitive to polarisation.

Furthermore, whilst using cross polarisers meant that total depolarisation at the end of
the tank was small (< 4%), this does not preclude any spatial variations for depolarisation.
However, if spatial variations did exist, it would be consistent between all trials, and thus any
differences in behaviours would be initiated by the polarisation of light. As our experiment
is designed as exploratory, our results give an indication of potential light and polarisation
sensitivity. Additional follow up experiments should include a more comprehensive analysis of
the spatial polarisation distribution throughout the tank, as well as more in depth study into
the effects of the interactions between the light and the glass tank as well as the water. However,
our initial results warrants the need for further exploration into the orientation and ordering of
the photoreceptors of sea urchins.

3.5 Conclusion

In this chapter, we investigated the sensitivity of three sea urchin species, namely P. lividus, E.
esculentus , and P. miliaris, to halogen light of varying intensities, as well as their sensitivity
to linear and circular polarisation, with light incident laterally.

We recorded their phototactic responses to the different lighting regimes over a period of 5
minutes and measured their locomotive speeds under different illuminations. The three species
showed a trend of increased negative phototaxis, but only P. lividus and P. miliaris appeared
to be sensitive to the light intensity.

These three species also seem sensitive to linear polarisation, though only P. miliaris seems
to posses the ability to differentiate between the two linear polarisation states, with a higher
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negative phototaxis under illumination of horizontal polarisation compared to vertical polarisa-
tion.

Compared to the other two species, P. miliaris generally lives in shallower waters. Not only
does this mean that there will be a higher degree of polarisation seen by these sea urchins but due
to the mechanism of how light enters sea water through Snell’s window, there will be a higher
abundance of horizontally polarised light. Thus, this may explain why P. miliaris could have
the ability to differentiate polarisation, including a greater sensitivity to horizontal polarisation.

When illuminated under circularly polarised light, the three species also display negative
phototaxis. However none of the three species of P. lividus, E. esculentus and P. miliaris
displayed the ability to differentiate between the two circular polarisation states from a statistical
standpoint. However, under closer examination of P. lividus, it can be seen that they had no
average phototaxis under right handed polarised light whilst left handed polarisation led to
negative phototaxis. Statistical similarities were then due to a small sample size resulting in
large error bars. If this behaviour is consistent under more testing, then it could be possible
that P. lividus has the rare ability to differentiate between circular polarisations of light.

Polarisation sensitivity in other species arises due to a specific ordering of photoreceptor cells,
and in particular an alignment of chromophores [121 [123|. This results in a higher detection
of photons with their polarisation direction in the same direction as the aligned chromophores,
allowing for a sensitivity to polarisation. A subsequent investigation into the ordering of the
photoreceptors of the sea urchins, especially in P. miliaris may reveal specific mechanisms. Fur-
thermore, as their photoreceptors are encased in calcite, a birefringent material. In particular,
a deeper investigation is needed in their photoreceptive mechanisms in how their skeletal struc-
tures interacts with polarisation. This is particularly interesting as calcite structures are already
theorised to affect polarisation sensitivity in brittlestars [288].

This would pave the way for the development of a novel polarisation detection method at
visible wavelengths that mimics the polarisation sensitivity of these sea urchins. A new detector
developed on this mechanism would not only have the ability to detect polarisation directly but
would also be of much smaller size with greater ease of production in both costs and scale.
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3.6 Appendix

Appendix A: Spectral Analysis

We have chosen a light source that was representative of sunlight in terms of spectral composi-
tion. The spectrum of the halogen light source can be seen in [Figure 3.18] We can see that it has
a continuous spectrum over the visible wavelengths (400-700 nm). While all visible wavelengths
of sunlight are present in the spectrum of the halogen light source, we note that sunlight peaks
at approximately 500 nm or green light, whereas halogen light peaks at 650 nm or red light

Figure 3.18: Spectrum of the Halogen light source with the x-axis being the wavelength(nm)
and the y-axis being the intensity(a.u.).

Appendix B: Cross Polarisation

Figure 3.19: Cross polarisation test for depolarisation of the incident light in the experimental
setup to measure potential depolarisation of light as it traverses through the water tank.
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The cross polarisation test is outlined in Without any filters, the unpolarised
halogen source would have an intensity of Iy. A linear polariser only lets through light with
polarisation that is parallel to the orientation of the filter. This would cut the intensity of
unpolarised light in half to be Iy = I5/2. We can measure any potential depolarisation by
using a cross polariser (a linear filter that is orientated orthogonally to the first filter). This
would block all the now polarised light such that Is = 0. However, any depolarisation due to
the experimental setup would allow for light to still pass through. Full depolarisation would
mean that, once again the intensity would be cut in half such that I = Iy/4 with the ratio
I, : I = 1 : 2. Therefore it is possible to determine the amount of light that retains it
polarisation after passing through the water tank with:

1
Polarisation % = (1 - 212) x 100 (3.2)
1

The results of the cross polarisation tests can be seen in [Table 3.3] which shows that 98%
of horizontally polarised halogen light and 96% of vertically polarised halogen light retained its
polarisation vector. Thus we can safely say that the sea urchins were subjected to polarised
light, with the polarisation vectors being in the orientations claimed.

Polarisation | Intensity )%_Iizlna;rll,:;r In;{e;?;ty Polarisation %
Horizontal 243.43 2.86 0.012 98%
Vertical 232.92 4.45 0.019 96%

Table 3.3: Measured intensities of the halogen light source after one linear filter and after its
subsequent cross polarising filter. 100 % depolarisation will result in a ratio of 0.5 and no
depolarisation will result in a ratio of 0.

Appendix C: Intensity

The complete data for sea urchin phototaxis under different intensities of unpolarised halogen

light can be seen for E. esculentus(n=4) in[Table 3.4] for P. lividus(n=4 for 100 & 471 lux and
Table 3.6

n=3 for 213 & 1000 1ux)E| in [Table 3.5 and for P. miliaris(n=4) in

Intensity (Lux) 100 200 500 1000
Test 1 0.620458015 | 0.294455 | -1.35659 | -0.18929
Test 2 -3.039192651 | 1.188335 | 2.019118 | -2.04015
Test 3 1.219883555 | 0.546844 | 1.093689 | 2.20841
Test 4 3.933072843 | -2.29254 | 2.176861 | 1.240916
Mean 0.6836 -0.06573 | 0.9833 0.3050
SEM 1.435 0.7657 0.8157 0.9239

Table 3.4: Raw data for movement velocities (cm/min) of E. esculentus at different intensities
(lux). Positive values indicate negative phototaxis and negative values indicate positive
phototaxis.

IThis was due to data one test being unusable at 213 and 1000 lux.
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Intensity (Lux) 100 213 471 1000
Test 1 2.511206 | 2.226534 | 3.9752289 | 2.013031187
Test 2 0.081335 | 1.372521 | 3.751558 | 3.944727781
Test 3 0.752345 | 0.437173 | 1.606358 | 3.436386572
Test 4 2.836544 N/A 1.982531 N/A
Mean 1.545 1.345 2.829 3.131
SEM 0.6691 0.5167 0.6039 0.5781

Table 3.5: Raw data for movement velocities (cm/min) of P. lividus at different intensities
(lux). Positive values indicate negative phototaxis and negative values indicate positive
phototaxis.

Intensity (Lux) 100 227 5915 1038
Test 1 3.454504 | 2.348228 | 0.688813559 | 4.112008
Test 2 -0.48008 | 1.742907 | 1.826399589 | 1.377627
Test 3 3.871967 | 2.473467 | 4.247683616 | 4.038952
Test 4 0.177422 | 2.49434 | 1.419373395 | 1.993385
Mean 1.756 2.265 2.046 2.880
SEM 1.113 0.1769 0.7708 0.7014

Table 3.6: Raw data for movement velocities (cm/min) of P. miliaris at different intensities
(lux). Positive values indicate negative phototaxis and negative values indicate positive
phototaxis.

Appendix D: Linear Polarisation

The complete data for sea urchin phototaxis under horizontal and vertical linear polarisations

of halogen light with an intensity of 300 lux can be found for E. esculentus(n=17) in|Table 3.7
for P. lividus(n=8) in|Table 3.8 and for P. miliaris(n—=12 for horizontal and n=10 for vertical |
in

292 videos of vertical polarisation response rendered unusable.
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Table 3.7: Raw data for movement velocities (cm/min) of E. esculentus under horizontal and

vertical polarisations.

Table 3.8: Raw data for movement velocities (cm/min) of P. lividus under horizontal and

vertical polarisations.

Polarisation | Horizontal | Vertical
Test 1 0.609942 0.5784
Test 2 1.977053 1.1883
Test 3 0.746653 0.7572
Test 4 1.346078 0.6520
Test 5 1.545887 1.3881
Test 6 0.546844 0.7361
Test 7 1.608984 1.4723
Test 8 1.367111 1.5143
Test 9 1.493306 1.6195
Test 10 1.125237 0.5784
Test 11 1.104205 1.3671
Test 12 0.967494 0.4417
Test 13 2.37667 1.9140
Test 14 0.820267 0.9990
Test 15 2.019118 1.9665
Test 16 1.051624 0.7887
Test 17 1.36974 1.2094
Mean 1.299 1.128

SEM 0.1237 0.1165

Polarisation | Horizontal | Vertical
Test 1 0.589676 | 0.740231
Test 2 1.596191 1.596191
Test 3 0.41684 0.41684
Test 4 1.53519 1.53519
Test 5 1.006516 | 0.904847
Test 6 1.891029 | 1.911363
Test 7 1.026849 | 0.050834
Test 8 2.999213 0.22367
Mean 1.383 0.9224
SEM 0.2919 0.2444
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Polarisation | Horizontal Vertical
Test 1 1.221078582 | -0.636630714
Test 2 1.388063688 | 0.647067283
Test 3 3.141407293 | 0.511391885
Test 4 1.294134566 1.5863585
Test 5 1.043656908 | -0.584447869
Test 6 1.221078582 | 0.605321007
Test 7 1.054093477 0
Test 8 1.189768875 | 1.868145865
Test 9 1.523739086 | 0.062619414
Test 10 0.500955316 | 0.510947776
Test 11 0.90798151 N/A
Test 12 0.34440678 N/A
Mean 1.236 0.4571
SEM 0.1995 0.2577

Table 3.9: Raw data for movement velocities (cm/min) of P. miliaris under horizontal and
vertical polarisations.

Appendix E: Circular Polarisation

The complete data of sea urchin phototaxis under left handed and right handed circular polar-
isations of halogen light with an intensity of 300 lux can be found for E. esculentus(n=4) in

Table 3.10} for P. lividus(n=4) in [Table 3.11|and for P. miliaris(n=4) in [Table 3.12

Polarisation | Left Handed | Right Handed
Test 1 -0.3891 0.799234
Test 2 0.525812 0.546844
Test 3 3.154871 0.599426
Test 4 0.767685 0.683555
Mean 1.236 0.4571
SEM 0.1995 0.2577

Table 3.10: Raw data for movement velocities (cm/min) of E. esculentus under left and right
handed circular polarisations.
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Polarisation | Left Handed | Right Handed
Test 1 3.882404 2.306481767
Test 2 2.556959 1.763780175
Test 3 -0.19829 -1.283697997
Test 4 2.661325 -2.911802773
Mean 2.226 -0.03131
SEM 0.8622 1.243

Table 3.11: Raw data for movement velocities (cm/min) of P. lividus under left and right
handed circular polarisations.

Polarisation | Left Handed | Right Handed
Test 1 2.431721 1.889019004
Test 2 1.315008 1.857709296
Test 3 1.669851 2.37953775
Test 4 1.210642 1.074966615
Mean 1.657 1.800
SEM 0.2764 0.2697

Table 3.12: Raw data for movement velocities (cm/min) of P. miliaris under left and right
handed circular polarisations.
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CHAPTER 4

Probing High Energy Polarisation With
Gold Nanorods

The following project presented in this chapter is adapted from the submitted manuscript titled

"Towards a Novel Method of X-ray Polarimetry with Aligned Gold Nanorods" by Ben Li, Livia

Salvati Manni, Zhenxu Yang, Alex Yin, Ken-Tye Yong, Gregory Warr and Céline Bochm.
Author Contributions:

— Ben Li: Conceptualisation (main), Methodology (main), Investigation (main), Data Anal-
ysis (main), Writing (original draft).

— Livia Salvati Manni: Conceptualisation (supporting), Methodology (supporting), Investi-
gation (supporting), Writing(review and editing).

— Zhenxu Yang: Investigation (supporting), Writing(review and editing), Gold Nanorod
Synthesis (supporting).

— Alex Yin: Gold Nanorod Synthesis (Main).
— Ken-Tye Yong: Writing (review), Supervision (supporting).
— Gregory Warr: Methodology (supporting), Writing (review), Supervision (supporting).

— Céline Boehm: Methodology (supporting), Investigation (supporting), Writing(review and
editing), Supervision (main).

The work done in the previous chapters outline work towards the development of linear and
circular polarimetry in the IR, visible, and potentially the UV domains of light. However, there
is much interest, particularly in the astroparticle physics community, to detect polarisation for
higher energy photons. These photons would be outside the scope of any detectors developed
using biological mechanisms due to damage caused by high energy photons to biological matter.
This chapter is influenced by the desire to rectify this problem.

Motivation for this work stems from the fact that there has been much effort to develop
sensitive high energy (X-ray and y-ray) polarisation detector recently, with potential applications
for a wide variety of fields such as cosmology, particle physics, astrophysics, medical science,

97



material science and high energy imaging. However, current technology is constrained both
in the energy range and availability due to size, costs, and production difficulties. In this
work, we propose a novel mechanism for detecting X-ray polarisation that could mitigate these
issues. We showed that aligned gold nanorods in liquid crystals led to an anisotropic response
when exposed to polarised X-rays under small-angle X-ray scattering (SAXS), which can be
exploited to reconstruct the polarisation of the incident X-rays. The scattered X-rays directional
differences that arise can be used in the development of novel detectors that would be on a
much smaller scale, more cost effective and much easier to manufacture compared to current
and proposed options.
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4.1 Introduction

Polarised X-rays are at the heart of many X-ray imaging techniques such as magnetic X-ray
diffraction [174], magnetic Compton scattering [175] and X-ray circular dichroism [176] which
are used to study materials interacting with a magnetic field. Additionally, X-ray polarisation
can also be used to study the magnetic sublevels of charged particle collisions [177H179]. At
higher energies, the polarisation of y-rays is also relevant in astrophysics in order to understand
the nature of astrophysical sources [180, |181], the origin of cosmic rays [182], the nature of black
holes and their role in the evolution of galaxies [183-185] amongst many other uses.

Despite the importance of polarisation, there are currently very limited options for its de-
tection at high energy. Generally speaking, current X-ray and 7-ray polarimetry detection can
be classified into two main techniques. The first relies on the dependence of polarisation on
the direction of photoelectron emission [89]. The direction distributions of the ejected photo-
electrons are dependent on the polarisation vector (E-vector) of the incident X-ray. Thus, their
reconstruction can be used to determine the polarisation of the incident X-ray. This method is
used by the IXPE (Imaging X-ray Polarimetry Explorer) [210, 211, which is currently the only
X-ray polarisation detector in use. There are several proposals [212} |213] including the HypeX
project which uses the same concept with improved resolution and effective X-ray energy range
which is currently in development [214].

The second method uses the anisotropy of Compton scattering [215] [216]. The cross section
(interaction rate) of Compton scattering is dependent on the polarisation of the incident photon
and the azimuthal scattering angle [91]. The mapping of the distribution of the scattered
photons can lead to a reconstruction of the polarisation of the incident photons. Current y-ray
polarisation detection projects includes; Polar-2 [217], GAP [218], Astrosat-CZTI (Cadmium-
Zinc-Telluride Imager) [219], COSI (Compton Spectrometer and Imager) [220] and INTEGRAL
(INTErnational Gamma-Ray Astrophysics Laboratory) [221].

The photoelectron detection method has difficulties associated with the sensitivity of the
instrument and the reconstruction of photoelectron tracks [90]. The Compton detection method
requires detailed comparison to Monte Carlo simulations, in which the projected azimuthal
scattering angle is highly dependent on the orientation of the instrument as well as on multiple
scattering events. Thus, instruments which utilises one of these two techniques are generally
quite large and have complex electronics to achieve the sensitivity required to accurately deter-
mine the polarisation of the incident photons. Furthermore, both the photoelectric effect and
Compton scattering are effective at different energies [222] 223|. This means that the current
and proposed detectors mentioned above are limited in ranges for incident photon energies; and
that one detector that is effective in one energy range would not be in the other energy range.
Additionally, there is no current instrument capable of high-energy ~-ray polarimetry (> 10
MeV). Methods such as the one by Wojtsekhowski et al. [224] are proposed which make use of
the E-vector dependence of pair production. In pair production, the directions of the created
electron and positron are sensitive to the polarisation of the photon, their plane tending to be
parallel to the polarisation vector of the incident photon [95]. However, multiple scattering of
the produced particles need to be considered to accurately determine the photon polarisation
and this presents a tremendous challenge [93].

In this work, we show that the polarisation of an incident X-ray beam can be measured
through its scattering pattern off aligned gold nanorods, thus paving the way for the development
of a novel polarisation detector that would be sensitive to all energies where Thomson and
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Compton scatterings occur. To this end, we used the small-angle X-ray scattering (SAXS)
beamline at the Australian Synchrotron as a source of polarised X-rays. We set up an experiment
to measure the azimuthal anisotropy of scattered X-rays off align gold nanorods (AuNRs),
utilising cetyltrimethylammonium bromide (CTAB) for alignment. To do this, we investigated
the scattering images as a function of the angle subtended by the polarisation vector of the
X-ray and the long axis of the AuNRs. The dependence would allow for the reverse engineering
of the polarisation of an unknown source of photons.

This chapter is presented in the following way: I give a brief introduction to small angle
X-ray scattering in [Section 4.2} In [Section 4.3, we discuss some X-rays interactions relevant
to this work, including the mathematical framework of Thomson and Compton scattering of
polarised photons and free electrons. [Section 4.4 | In [Section 4.5| we outline the experimental
setup. showcases the results. The discussion and conclusion can be seen in
[47 and respectively.

4.2 Small Angle X-ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) is an imaging method used for the study of systems of
small particles, usually in solution. It is commonly used to provide low-resolution information
on the shape, size, structure state, composition, orientation, and dynamics of biological macro-
molecules such as proteins, nucleic acids, amino acids, and polypeptides [195]. Like microscopy,
SAXS utilities the scattering and absorption interactions of photons and matter and the re-
sulting contrast created by those interactions. However, unlike microscopy, SAXS uses X-ray
interactions instead of visible light. X-rays are electromagnetic waves (EM) on the electromag-
netic spectrum, taking a range of wavelengths between 0.01 nm and 10 nm. X-rays, like all
other types of electromagnetic radiation, have a polarisation defined by the direction of their
electric field oscillation.

However, because of the short wavelengths of X-rays, SAXS can also be used to resolve
systems on a much smaller scale than compared to miscroscopy, such as systems of nanoparti-
cles|289]. Recently, SAXS has also been useful in characterising the structure of surfactants and
their macromolecular interactions [290].

Typically in SAXS, the scattering angle of the X-rays, § < 5°. The intensity I(q) is compared
with the scattering vector, ¢, in linear reductions [291], but we will also compare it as a function
of the azimuthal angle, ¢, around the sample. Because the X-rays are monochromatic, the
scattering can be coherent, which also allows interference patterns to be seen in the scattering
results arising from the constructive and destructive interference of X-rays interacting with
different layers of the sample.

Although SAXS is generally used to study the structures and shapes of systems of small
particles, this work aims to do something different. Rather than having a predetermined system
of small biological macromolecules of unspecified sizes and shapes, we will introduce specific
nanoparticles of known shapes and sizes and will also be setting their arrangement. This al-
lows us to predetermine the expected scattering pattern under X-ray interactions. Using this
knowledge, this project therefore aims to study the effects of changing the polarisation of the
incident X-rays on the expected scattering pattern of SAXS. X-rays interact with matter in two
main fashions: absorption and scattering. Both interactions mainly involve the interaction of
the X-ray and atomic electrons in the materials being exposed to the X-rays. Absorption of
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X-rays results in the photoelectric effect whilst scattering of X-rays can be inelastic (Compton)
or elastic (Rayleigh or Thomson) [292].

SAXS technical details

At the heart of SAXS are the interactions between X-rays and the atomic electrons of the sample.
When atoms inside a sample are bombarded with X-rays, they will scatter the incident radiation
in all directions, giving the background radiation. There will also be additional scattering of the
X-rays due to the arrangement, density, shapes, and type of atoms that make up the particles.
Particles similar to the sizes of X-ray wavelengths will interact more strongly with the incident
X-rays, resulting in more scattered photons. By measuring the intensity distribution of the
scattered radiation against the background, conclusions about the macroscopic and microscopic
structures of the sample can be drawn.

Per the name, SAXS utilises scattering of X-rays off the sample. When the incident X-
ray energy is higlﬂ the interaction is Compton and when the energy is low, the interaction
is Thomson. The scattering X-rays can then be detected via an absorption of the scattered
photon. There are several types of detectors including; solid state detectors |293|, gas filled
detectors [294] and scintillation detectors [295].

In solid-state detectors, electron-hole pairs are created when incident X-rays ionise electrons
into the conduction band of the semiconductor [296]. Electrodes create an electric field which
moves the electron-hole pair and creates an electric pulse. Gas-filled detectors contain an inert
gas such as Argon or Xenon which has relatively high first ionisation energieﬂ An X-ray can
then ionise the gas, which creates a negative electron and a positive ion pair. An applied electric
field can then create an electric pulse from these charged particles [297]. Scintillation detectors
use a scintillating material such as Sodium Iodide (Nal) or Caesium Iodide(CsI) which are
excited when an X-ray is absorbed. When the molecule de-excites, a photorﬂ is released [298]
and this secondary emitted photon is subsequently detected. In all detection mechanisms, the
signal is amplified, and the pulses created as an effect of X-ray absorption are counted.

SAXS uses the deflection of X-rays by bound electrons in atoms. When X-rays are elastically
scattered at atoms via Thomson scattering, each atom acts as a source of X-rays emanating waves
radially outward in the shape of a sphere (3 dimensional) or a circle (2 dimensional). Thomson
scattering results in coherent waves, thus the scattering X-rays can form interference patterns,
with constructive interference for waves in phase and destructive interference for waves out of
phase [299]. These interference patterns depend on the path difference of the X-rays and also
their wavelengths. When two X-rays with a path difference of integer wavelengths interact,
the effect is constructive interference, and when the path difference is half integer wavelengths,

destructive interference occurs (see [Equation 4.1|).

mA, for constructive interference

PD=dy —dy = 4.1
! 2 <m — ;) A, for destructive interference (41)

Here PD is the path difference of the X-rays, di and ds are the paths taken by the two X-
rays, m is an integer and X is the X-ray wavelength. The path difference also depends on the

12 500 KeV for scattering off electrons
210-20 eV
3Usually in the visible/UV wavelengths
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orientation of the sample, the scattering angle 6, and the distance between the atoms on the
sample. This method is the basis for X-ray crystallography, and it follows Bragg’s law
of diffraction. When incident X-rays strike a lattice with lattice spacing d, at an angle of 6
the path length between X-rays striking different layers of the lattice is 2dsinf. Therefore
constructive interference occurs when 2dsinf = mA and destructive interference occurs when

2dsinf = (m — 1/2)\ (see |[Figure 4.1)).
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Figure 4.1: X-ray diffraction in a lattice. X-rays scattering off atoms in different layer of the
lattice will have different path lengths depending on the angle of incidence 6 and the lattice
spacing d. Credit: N. Venkatathri et al [301]

The scattered radiation is then recorded by the detector, whilst the direct beam is usually
stopped [302]. Scattered X-rays are characterised by their momentum transfer or scattering
vector q:

47 sin 0
A

where 6 is half the angle between the scattered and incident X-rays and A is the wavelength of
the monochromatic X-rays. ¢ has units of [Length]_1 which details the structure in reciprocal
space. Due to this reciprocal nature of g, the low-¢q region shows the overall size and shape of
the sample whilst the high-g region shows the smaller structural features [303].

The scattering vector is also defined to be the difference between the wave vector of the
scattered X-ray and the initial X-ray. The wavenumber (magnitude of the wave vector) is
defined to be:

(4.2)

27
k=— 4.3
- (43)
The momentum of a photon is defined to be:
E
p=—
c
_ s (4.4)
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Figure 4.2: Schematic layout of SAXS, showing the incident and scattered X-rays as well as
the g-vector [291].

Combining [Equation 4.3| and [Equation 4.4] we can see that:

p

=L (4.5)

Or in other words, the wave vector is also a measure of the momentum of a wave. The scattering
vector q is

q = ks — k‘z (46)

where k, is the wave-vector of the scattered X-ray and k; is the wave-vector of the incident
X-ray. Thus, ¢ is the change in momentum of the X-ray. The X-ray scatters off an electron
and, by conservation of momentum, the change in momentum in the X-ray is also equal to
the opposing change in momentum in the electron. Therefore, the scattering vector is also a
measure of momentum transfer from X-ray to electrorﬂ depicts a schematic layout
of SAXS, showing the incident X-ray with momentum k;, the scattered X-ray with momentum
ks and the scattering vector q. The image formed by the detector shows a count of X-rays as a
function of the scattering vector, I(gq) vs. ¢. Small values of ¢ are scattered X-rays with small
momentum transfer and large values of ¢ are scattered X-rays with a large momentum transfer.

The interference pattern of the sample is determined by summing up the interactions of
X-rays with every electron inside the sample. The overall pattern is characteristic for the shape
of the particle that the X-rays interact with; this is known as the form factor [304]. In a sample

with numerous particles, the scattering pattern corresponds to the form factor of a single particle
if:

1. The particles are all identical in shape and size, i.e. a monodisperse sample.
2. The particles are far away from each other, i.e. a dilute sample.

A dilute sample is one such that the distances between particles in the sample are larger than the
wavelength of the X-rays. For a sample with varying particle sizes or polydisperse samples, the
form factor of all particles must be summed to obtain the total scattering pattern. Samples that
are not dilute, i.e. concentrated, if they have the distances between particles on the same order
of magnitude as the X-ray wavelengths. For such samples, the interference pattern contains
contributions from their neighbouring particles as well. This is known as the structure factor,

40r vice versa
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and it contains information about the positions of the particles with respect to each other. In
a highly ordered and periodic structure, this results in a Bragg peak and it shows the distance
between layers of aligned particles with Bragg’s law [305]:

21

(Qpeak

d= (4.7)
where d is the distance between the ordered layers of particles and gpeax is the g-value of the
peak location.

When the sample develops long range ordering of particle packing, it develops a lattice
structure and has crystal symmetry. There are several types of crystal symmetry including

e Lamellar symmetry, which are simple layers.
e Cubic symmetry, where the crystal has repeating unit cells in the shape of a cube.
e Hexagonal symmetry, where the crystal has repeating unit cells in the shape of hexagons.

The distance between the layers depends on the structure and the angle at which you view the
structure, which gives different ratios of the Bragg peaks. The ratios are as follows:

e 1.2 3,4, 5,... for lamellar symmetry.
e 1,2, V3,2, \/5,...f0r cubic symmetry.
e 1,3,2 V7,3,.. for hexagonal symmetry.

Therefore, the type of ordering of a sample can be determined from the ratios of the peak
locations on a scattering image.

The orientation of the particles in the sample can also be determined from the scattering
image. When the sample is randomly oriented, the scattering pattern will be concentric circles
with equal intensities at each point along the circle [303]. This is because there is no preferred
scattering direction or azimuthal angle ¢. An orientated sample will have a preferred scattering
direction, and thus will result in intensity modulations, where there will be regions of high
intensity and regions of low intensity depending on the orientation of the sample.

Rheology and RheoSAXS

Rheology is the study of the deformation and flow behaviour of materials [306]. One focus of
rheology is the study of shear stress on viscous liquids. Viscosity is the resistance to flow due
to internal friction, as particles and molecules in a liquid are forced to slide along each other.

Shear is applied to a sample when there is a shear force at the interface between the sample
and the material touching the sample or between two layers of a sample. This may be caused
by friction between the two materials as the sample flows along, or between two layers of the
sample with different flow rates |[307]. The shear stress is defined as:

T=7 (4.8)

where 7 is the shear stress, I is the shear force and A is the shear area. The units for 7 are in

N/m? or Pa (see [Figure 4.3)).
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Figure 4.3: Shear being applied to a sample, showing the shear force F', the shear gap h, the
fluid flow velocity v and the shear area A. Credit: AntonPaar [266]

The shear rate is the rate of change in velocity at which one layer of fluid passes over an
adjacent layer [308]. The shear rate # is defined to be:

Y=g (4.9)

where v is the difference in velocity between layers and h, the shear gap, is the distance between

layers (see [Figure 4.6)). The shear rate has units of reciprocal seconds or s™.
Viscosity, 7, can be defined in terms of the shear stress and the shear rate:

n= 5 (4.10)

We can see that for more viscous liquids, a greater shear stress is needed for the same shear rate
and vice versa for less viscous liquids.

Shear force is applied for the flow of nematic and hexagonal liquid crystals as they flow down
a capillary. Shear force is caused by friction between the liquid crystal and the capillary walls,
as well as between the different layers. This shear force will align the nematic liquid crystals
in the direction of the shear [309]. The shear rate is defined as the difference in flow velocities
between the layers; the largest shear rate is going to be the interface between the liquid crystal
and the capillary wall, as the capillary wall is stationary, decreasing to 0 at the centre of the
liquid crystal flow, with a nonlinear gradient. Therefore, the maximum shear stress, and thus
the alignment of the liquid crystals, will occur at the walls of the capillary with poor alignment
in the centre of the capillary (see .

A rheometer can be used for the application of a continuous shear stress on a sample. This
allows for a consistent and reliable method of applying a shear to a nematic liquid crystal.
Using this technique, a method can be achieved for aligning the reliability of the liquid crystals
consistently in both directions and degree can be achieved. In RheoSAXS, SAXS images are
taken while the sample is placed in the rheometer (see The bob on the rheometer is
spun at a constant velocity to provide a constant shear force on the sample due to the difference
in angular velocities between the bob and the walls of the sample holder. This allows for the
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Figure 4.4: Flow of a nematic liquid crystal down a capillary. showing the flow velocity [310]
The director, n, shows the average direction of flow. The maximum shear occurs at the
interface between the liquid crystal and the capillary wall and the minimum shear rate occurs
at the center of the flow.

Figure 4.5: RheoSAXS, the sample is placed in a sample holder, and a bob(right) is spun at a
constant velocity to provide a constant shear rate. Credit: AntonPaar [266].

reliable and consistent alignment of nematic liquid crystals and AuNRs whilst placed in an X-ray
beam.

Synchrotron Radiation

Synchrotron radiation from the Australian Synchrotron is produced by accelerating a beam of
electrons inside a circular vacuum chamber guided by strong electromagnets [311]. Deflection by
the magnetic field causes electromagnetic radiation to be released, the energy of the generated
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Figure 4.6: Layout of the Australian Synchrotron [314].

photon depends on the energy of the electron and the degree of bending of the electron [312].
A schematic of the Australian Synchrotron layout can be seen in The change in
the velocity of the electron also determines the polarisation state of the electromagnetic wave
. As such, all synchrotron radiation is highly polarised. When observed in the plane of
the electrons (as is the case at the Australian Synchrotron), the X-rays produced are linearly
horizontally polarised.

4.3 X-ray interactions with matter

Photons also exist as electromagnetic radiation, which are orthogonal synchronised oscillating
electric and magnetic fields propagating through space. Polarisation is a fundamental property
of all electromagnetic waves, being defined as the direction of oscillation in their electric field.
The interactions between light and matter, including absorption, emission, and scattering, have
been studied extensively , but the effects of polarisation have often been overlooked.
Indeed, since other interactions such as reflection and refraction are inherently related to light
polarisation |318], and even in some cases of light absorption by chromophores , one must
consider how the polarisation of light might influence all light-matter interactions. As such, we
consider the effects of polarisation in X-ray interactions.
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X-rays are a form of electromagnetic radiation that is characterised by wavelengths between
0.01 nm and 10 nm, which in turn correspond to energies E = he/\, where h is Planck’s constant,
A is the wavelength and ¢ is the speed of light. Photons in the X-ray energies (100 eV - 100
keV) can interact with bound atomic electrons with elastic Rayleigh scattering [320], inelastic
Compton scattering [215] where some energy is transferred from the photon to the electron and
its low energy limit of elastic Thomson scattering [321], and the photoelectric effect where the
photon is absorbed and all its energy is transferred to the electron [322].

Using the fundamentals of these interactions, many X-ray imaging techniques have been
developed for use in radiography [186-188|, radiotherapy |28, |189) [190], computed tomography
(CT) scans [191, [192], X-ray diffraction [193] |194], small-angle X-ray scattering (SAXS), and
wide-angle X-ray scattering (WAXS) [195-197].

X-ray Absorption

In SAXS we are interested mainly in two types of light-matter interactions; absorption and scat-
tering. When X-ray photons strikes an object, some X-rays will be absorbed and transformed
or remitted as other forms of energy such as heat [323], fluorescent radiation [324], photoelec-
trons|40] or auger electrons [325]. Auger electrons are emitted when an inner shell electron of
an atom is ionised by an incident X-ray photon. This creates an electron hole which is then
filled by an electron in an upper shell. Relaxation of the higher energy electron releases energy
which can then be transferred to a valence electron and ionising it (see . This release
of a secondary electron is known as the Auger effect |326) 327]. This effect is more likely for
lower energy X-rays (< 0.5 MeV) and for lighter atomﬁﬂ as the atomic number and photon
energy increases, the likelihood of the photoelectric effect begin to dominate. Alternatively, the
relaxation of the higher energy electron can also release an photon, usually also in the X-ray
regime.

The absorption of certain materials can increase sharply at certain X-ray energies. This
is known as an X-ray absorption edge and is related to the production of a photoelectron.
The energy corresponds to the energy required to eject a core electron into the LUMO (lowest
unoccupied molecular orbital) state or to the continuunﬂ [329]. The absorption discontinuities
are known as X-ray absorption edges, with the K-edge being photoelectrons originating from
the 1s orbital, an L-edge from photoelectrons from a 2s or 2p orbital, and M-edge causing
photoelectrons from the 3s, 3p or the 3d orbitals and so on [330]. shows the K, L
and M edges the absorption spectrum of goldm Note the absorption edges where the absorption
coefficient p/p has a sharp increase.

X-ray Scattering

X-ray scattering is the deflection of X-rays off a sample or object. Changes in polarisation,
wavelength, energy and flux of the scattered X-rays compared to incident X-rays can reveal
information on the structure, composition, and atomic makeup of the sample. X-rays scatter off
the electrons of the atoms that make up the sample, and thus, the more electrons that exist in
the sample for the X-rays to interact with, the better the contrast. Therefore, X-ray scattering

57< 12
6free electron
7=19
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Figure 4.7: X-ray interactions with matter and the Auger effect mechanism [328|. After the
emission of the photoelectron by the incident X-ray show in (a), a higher orbital electron will
fall into the hole left by the ionised electron and this will be accompanied by the emission of
an additional photon (b) or Auger electron (c).

is best suited for heavier elements such as gold, Au. Broadly speaking, X-ray scattering can be
divided into two classes; elastic or inelastic scattering.

Elastic scattering, sometimes also known as coherent scattering, occurs when the energy of
the scattered X-rays is identical to that of the incident X—rayﬂ The two main types of elastic
scattering are; Rayleigh and Thompson scattering.

Inelastic scattering, or Compton scattering, occurs for high-energy X-rays. When the X-ray
scatters off an object (generally a free electron), it transfers some of its energy to the electron,
losing that same amount of energyﬂ Photon energy is inversely related to its wavelength:

ke

E
A

(4.11)

where ) is the wavelength, h is Planck’s constant and c is the speed of light. This means that
the resultant change in photon energy from Compton scattering is associated with a change
in wavelength called the Compton shift, as seen in Usually this results in a
longer photon wavelength as the photon loses energy, but the inverse, where the photon gains
energy called inverse Compton scattering, can also occur if the electron has more energy than

8identical frequencies and wavelengths
9Conservation of energy
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Figure 4.8: Gold X-ray absorption spectrum. The K-edges are approximately 10~ MeV, the
L-edges are approximately 1072 MeV and the M-edges are approximately 1072 MeV. Credit:

Nist [331].
the photon with:

h
Af — A = ——(1—cosb)
moc (4.12)

AN = A(1 — cosb)

Interactions Between Photons and Free Electrons

I have just given a more macroscopic view of X-ray interactions with matter. For the effects of
polarisation and X-ray interactions, with the extension into 7 ray photon interactions, we want
to zoom in and see what happens in an individual interaction event. Classically, X-ray scattering
is an interaction between the electric field of the photon and the electric field of the orbiting
electrons in the atom. I will simply focus on the interactions between polarised photons and
free electrons, since X-rays and - rays have high enough energy to ionise electrons, providing a
mathematical framework on why we believe that we may obtain an anisotropic scattering pattern
between polarised X-rays and aligned gold nanorods. The following derivations of polarised
Thomson and Compton scattering are adapted from Boechm et al. [198|. I will go through their
derivation of the result that suggests that Thomson and Compton scattering are polarisation
dependent.
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Thomson
The electric field of an electromagnetic wave can be expressed as:
E(r,t) = Bye'@t=kn) (4.13)

e Ej is the magnitude of the electric field

2
o k= 2" is the wavenumber with A being the wavelength

A
21 . . . R
o w= T is the angular frequency with T being the period of oscillation

The polarisation state of a photon can be defined as the oscillation vector of the electric field
of the electromagnetic wave and can be expressed by the Stokes parameters: I, @, U and V
where:

e [ is the intensity.

e ( and U provides information about the linear polarisation. ) = +1 for horizontally and
vertically polarised light and V' = +1 for diagonally polarised light.

e V provides information about circular polarisation. V' = 0 for linearly polarised light and
V = 41 for the two circular polarisations.

Thus for any polarisation plane we can choose two perpendicular polarisation basis vectors
e, e, s.t. the electric field can now be expressed as:

E(r,t) = (Ee; + Brey)et@tkn) (4.14)

where Eje; = alei‘;’ and E,e, = arew"’ with a, and a, being the amplitudes and 4, and §,. being
the phases of their respective electric fields. We can define two orthogonal vectors €; and e,
which define the polarisation plane E with:

1
(= krkzak kzafk2 4.1
i = o (heke Ryhe, ) (4.15)
1
& = —(—ky, ka,0) (4.16)
kr

where k = (k;, ky, k.) is the 3-momentum of the photon and kr = /k2 + k% When §; = §,., the

phases of the electric field components are the same and we say the EM wave is plane polarised,
or linearly polarised, as it oscillates in the same plane. The electric field can now be expressed
as:

E = (ar€ + ale'i)ei‘sei(“t_k'r) (4.17)

When the phases of the electric fields are offset by 90° s.t. |6, — 6| = 7/2, and with the same
amplitude i.e. a, = a; = a, then the electric field rotates around the direction of propagation and

10plane spanned by the direction of propagation and the E-vector of the EM wave
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the light is circularly polarised. Left-handedness and right-handedness depend on the difference
between the phases being positive or negative and the electric field is:

E = a(& + iq)elrt@i=kn) (4.18)

If the amplitudes are not the same i.e. a; # a,, then the EM wave is elliptically polarised,
with the electric field being:

E= (ar€. £+ iale_i)ew*ei(wt_k’) (4.19)
We can also define another set of orthogonal basis vectors €1 and €~ such that:
(—é —i€) (4.20)

€ =

(6 —i6) (4.21)

Sl Sl

The electric field in the (€3, €”) basis is:

—

E(r,t) = (Eyel + E_e2)el@t=kr) (4.22)

with €7 describing photons with positive helicity and ¢ describing photons with negative he-
licit, with:

W _ jq,.eor

V2

iél y 767.
E_= we™ trare (4.24)
V2

Stokes parameters can be defined using the (&, €,.) and the (e31,€2). In the (€, €,) basis we
have:

ae

B, = (4.23)

I=|G-EP+|6 - EP=af +a}
=G -EP -6 - E]?=a} — a2
Q= EP~|q - BF = d .
U =2Re[(& - E)" x (€ - F)] = 2a,a; cos (6, — ;)

—

V = —2Im[(& - E)* x (G - E)] = 2a,a;sin (6, — &)
In the (€3, €”) basis we have:

I=|-EP+| - E=d +d
Q = —2Re[(e7 - E)* x (2 - E)] = —2aya_ cos (64 — 5_)
U =2Im[(e7. - E)* x (¢ - E)] = 2aya_sin (64 — 5_)

V=l -E?—| -E=d2 -d*

(4.26)

' Here helicity corresponds to the circular polarisation states of a photon
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With this in mind we can use Chandrasekhar’s modified Stokes parameters: (Ij, I.,U, V)
with I, = a? and I; = a}. Note that I = I, + I, and Q = I; — I,

After a scattering event, the description of the radiative transfer can be given by the R-
matrix for 2D or the P-matrix for 3D with the modified stokes parameters of the scattering
photon being:

I I

I, I,

U = Rt or Pt U (427)
14 S 4 I

For low energy Thomson Scattering, i.e. energy and frequency of of the photon remains
unchanged [332], the R-matrix is:

cos?f 0 0 0
0 1 0
R, = 0 0 cosf O (4.28)
0 0 0 cos 6

which givesus I; s = I} 1 cos® 0 and I, s = I, 1, with 0 being the angle formed by the polarisation
plane of the scattered photo and the polarisation plane of the incident photo.

In three dimensions, we must first fix a scattering plane and a polarisation plane. We can
then define 6; and g to be the angle formed between the polarisation plane of the incident and
scattered photos with the fixed initial polarisation plane. We can also define ¢; and ¢g to be
the angle formed between the scattering plane of the incident and scattered photons and the
fixed initial scattering plane. We then have:

Py, Py P33 0

Pyy Py Pz 0

Pyy Psp Pz 0
0 0 0 Py

(4.29)

with
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2
Py = <M1M2012 +4/1—p3y/1— u%)

2 2
P = p3s7,

1 .
Pig = 5#%#“ sin2(0) — 62) + p2 mmm

2.2
Pay = pisiy

Pyy = c12

Pa3 = pic12812

1 .
P3 = —5111,2/1,% sin2(0; — 02) — M2mm512

P3y = —2p1¢12512

P33 =4/1 —,u%\/ 1-— ,UJ%CQ + p1pe COS2(92 — 91)
Py = /1 = pf\/1 = p3erz + ppe

and s19 = sin (6 — 01), c12 = cos (02 — 61), 1 = cos @1 and py = cosgy. So our 3D radiative
transfer of the scattered photon with respect to the incident photon is

I s = Pl g+ Pl p + Pi3Us

(4.30)
I s = Por1ly 1+ Pool, 1 + Po3Us

As the polarisation vector of the incident photon, #;, would have an effect on both I; ¢ and
I, s (while keeping everything else fixed), we thus may expect that changing the angle between
the polarisation vector and the long axis of the AuNRs with which it interacts may change the
relative scattered intensities.

Compton

Compton scatterings between photons and free electrons are no longer elastic and thus change
the energy and wavelength of the scattering photons according to In particular,
when the initial is greater than the mass of the electron, i.e. v/s > m.[“| the polarisation and the
spin of the scattered photon can be affected by this interaction. As such, the Stokes parameters
will depend on both the momentum and the energy of the incident photons. The derivation of
the following Stokes parameter transformation matrix is beyond the scope of this work, but for
the scattering of high-energy photons off AuNRs, Compton scattering must be considered. Using
Chandrasekhar’s modified Stokes parameters, (I}, I, U, V) we have the following transformation
under Compton scattering:

I

I,

=R |, (4.31)
Vi Vi

12, /s is the centre of mass energy of the interaction
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with [198]

0 0
sin® §AEW + 2m, cos® 0 sin? iAEV 0 0
0 0
R, — sin? CAE, sin? S AE, +2m, 0 0
2me 2 2
0 0 2m, cos 0 0
0 0 0 [2me + AE, (1 — cos#)] cosd
(4.32)
Using [Equation 4.32| and [Equation 4.33| we have the following.
1 0 0
I s = [(sin? ZAE, + 2m, cos® 0)I; 1 + sin® ~AE, I, 1]
' 2m, 2 ' 2 ' (4.33)

1 .50 . o0
I, = o [sin? §AEWII,I + (sin? §AEV +2m.) I, ]
The changes in intensities of the polarisation modes are now dependent on the change in energy
of the photon and also the mass of the electron. For when the photon energy is low, we can
neglect AE s.t AE, = 0 we recover the Thomson scattering formula: I; ; = cos? 01;; and
Ir,s = dprI.

For SAXS, the scattering angle is small, usually < 5°. For the Compton effect to have a
significant impact, we would need sinziAE,y to be on the order of the mass of the electro

For § = 5°, sin? (/2) is approximately 0.002, which means that we need a change in photon
energy close to 260 MeV. The change in energy of the scattered photon is as follows:

AE, = A%
Che he (4.34)
EEYEDY

Bremsstrahlung scattering and Synchrotron Radiation

Bremsstrahlung scattering or breaking radiation is the phenomenon of the emission of electro-
magnetic radiation produced by the deceleration of charge particles, in particular in a magnetic
or electric field [38]. The deceleration of the charged particle results in a loss of kinetic energy.

That energy converts into the energy of the photon (see :
E=hf=AKE (4.35)
With K FE being the kinetic energy. For relativistic particles, the kinetic energy is:
KE = (v — 1)mc? (4.36)
where m is the rest mass of the particle and -y is:
ot (4.37)

v2

c2

130.511 MeV
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Figure 4.9: Emission of bremsstrahlung radiation from the deceleration of an electron caused
by an atomic nucleus [334].

Magnetic field

— Storage ring

Acceleration

Electrons

Synchrotron radiation

Figure 4.10: Synchrotron radiation from an accelerated beam of electrons deflected constantly
by a magnetic field [334].

with v being the velocity of the particle. As such, no particle with nonzero rest mass can attain
the speed of light. As the change in the kinetic energies of the decelerated charged particle has
a continuous spectrum, so is the emitted bremsstrahlung radiation . The production of
X-ray « ray beams at synchrotrons uses a technique similar to bremsstrahlung scattering. In-
stead of acceleration of charged particles caused by an electric (such as from a positive proton),
synchrotron radiation uses a beam of relativistic charged particles, usually electrons, acceler-
ated in a storage ring with a magnetic field. The magnetic field keeps the electrons travelling
with a deflecting force. Each deflection causes the electrons to emit electromagnetic radiation,
tangential to the deflection force [335]. The beam of emitted photons is highly collimated with

an angular spread on the order of 4~ in mradd™] [336] (see [Figure 4.10).

Synchrotron and cyclotron radiation, with cyclotron radiation being the non-relativistic limit

Mmilliradians
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Figure 4.11: Synchrotron and cyclotron radiation produces polarised electromagnetic radiation
|337] When viewed in the same plane of motion as the electrons, the emitted polarisation is
linear. When view perpendicularly above or below, the polarisation is circular. Between the
two exists elliptical polarisation.

of synchrotron radiation, can produce linear, circular, and elliptical polarisations. This depends
on where one views the source of the radiation (see|[Figure 4.11)). The emitted polarisation of the
electromagnetic radiation has its electric field corresponding to the motion of the accelerating
electrons. When viewed in the same plane as the electron’s motion, the electrons seem to be
moving linearly backward and forward, thus causing linear polarisation. When viewed perpen-
dicularly above and below, the electrons trace our circles, either clockwise or counter-clockwise,
which results in the two circular polarisation modes. At angles in between the two, the electrons
trace out ellipses, which causes elliptical polarisation.

The interactions of X-rays and gold can ionize the atomic electrons of gold via the photo-
electric effect. The free electrons are then able to produce bremsstrahlung radiation through
interactions with bound electrons and nuclei of other Au atoms. Bremsstrahlung radiation scales
with Z, or atomic number, for electron-electron interactions and with Z2 for electron-nucleus
interactions [338]. Au has an atomic number of z = 79, thus, we can ignore electron-electron
bremsstrahlung interactions. The intensity of bremsstrahlung radiation produced via the nucleus
is:

2,46
Ibre'rnmstralung X % (438)

where z is the particle atomic number, 1 for electrons and protons, e = 1.64.803 x 10~ 1° eSLE
is the elementary charge and M is the mass of the scattering particle, or the electron in this
case. We can see that the intensity increases quadratically as the atomic number Z increases,
but also inversely to the particle mass M. Bremsstrahlung radiation will be much more intense

15Statcoulomb units, 1 csu to 4.44564 x 10710 C

117



for electrons, M = 0.0005485 ﬂ, than for protons, M = 1.007 u, or alpha particles, M = 4.001
u.

4.4 Gold Nanorods and Liquid Crystals

One important aspect of some applications of X-ray interactions is to use materials where an
interaction with high energy photons does not fully destroy the chemical bonds that bind the
molecules together. It is thus useful to look towards metals for the suitability of such a material.
Metals of the same element form a metallic lattice in the solid physical state, and unlike most
ionic and covalent bonds, have electrons that exist in an ’electron ocean’ [339]. This means that
there are many electrons in the conduction band. These electrons are not used for chemical
bonding and are free to move from atom to atom, which most usefully gives them the ability
to conduct electricity. However, these electrons can also be ionised by an incoming high energy
photon and leave the material entirely without compromising the metallic integrity. This allows
some metals to have great scattering properties with X-rays and Gamma rays.

Gold

Gold is an extremely stable metal with an atomic number of 79. It has been called the noblest
of all metals as a result of its low reactivity. This is because gold cannot form bonds with
other atoms until they have broken their bonds with neighbouring gold atoms [340]. As there
are few molecules that can make energetically favourable bonds with the electrons of gold, it
is a fairly inert element [341]. The stability of gold and the abundance of electrons means
that gold has a high cross section with light interactions and is especially potent with X-rays.
Gold nanoparticles are additionally particularly potent in light absorption and scattering due
to surface plasmon resonances (SPR).

Surface Plasmon Resonances

Surface plasmon resonance occurs when a photon is incident onto a metallic surface. At a
specific angle of incidence, the energy from the photon is absorbed by the surface electrons
of the gold and they are excited. This excitation leads to an oscillation of the electrons as
they move parallel to the surface [342] (see |[Figure 4.12). The movement of electrons also
causes an increased electromagnetic field on the surface and can lead to increased scattering
and absorption events for incident photons [343|. As a result, gold nanoparticles have a much
higher affinity for photon interactions compared to other non-plasmonic nanoparticles, and are
used in many sensor technologies [344} [345]. SPRs are also inherently dependent on polarisation
as the incident photon needs to have its polarisation parallel to the momentum of the plasmons
due to conservation of momentum. Thus, p-polarised light (parallel to the plane of incidence)
can create SPRs, while s-polarised light (perpendicular to the plane of incidence) cannot [347,
348|. Therefore, p-polarised and s-polarised photons have different interaction rates with gold
nanoparticles (AuNPs).

However, SPRs are mainly caused by incident photons in the visible and near-infrared (NIR)
wavelengths [349-351]. Gold coupled to a ZnSe semiconducting film was found to exhibit SPRs in

16y is the atomic mass unit with 1 u = 1.66 x 10~27 kg
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Figure 4.12: Excitation of electrons in surface plasmon resonance |346].

the soft X-ray energies. For hard X-ray energies of above 10 keV, the main interaction processes
would be the photoelectric effect and Thomson/Compton Scattering. Given the large difference
in ionisation energies for electrons bound to an Au atom and the energy of the incident X-
rays, these interactions can be reasonability assumed to be between photons and free electrons.
However, lower energy photons can be created via the Auger effect [352] or via Bremsstrahlung
radiation, which is a continuous spectrum [353} 354]. As such these photons may induce SPRs
in the AuNPs but should have negligible effects on the scattering results in SAXS because of
the much higher flux of X-ray counts on the detector from the beamline as well as the small
angle used, resulting in most of these secondary events not impacting the detector.

Aligned Gold Nanorods

Gold nanorods (AuNRs) also have properties different from those of AuNPs in how they interact
with light. When AuNRs are aligned, the extinction coefficient of visible light is dependent on
their polarisation [355H357]. The extinction coefficients of AuNRs were the highest when the
incident light is polarised parallel to the long axis of the aligned AuNRs and decreased to
the minimum when the polarisation was perpendicular. This change in extinction coefficient
disappeared when the AuNRs are randomly orientated.

When the AuNRs are aligned magnetically, i.e., using magnetic nanoparticles to coat the
AuNRs and aligning them with a magnetic field, there is an enhancement of the longitudinal
SPR and a suppression for the transverse SPR for light polarised parallel to the magnetic field,
and vice versa or light polarised perpendicularly to the magnetic field [356]. The sensitivity of
the two SPRs to the polarisation of the incident photon, which corresponds to the oscillations of
electrons along the long and short axes of the AuNRs, could be an explanation for their strong
dependence on polarisation [35§].

Gold is an excellent X-ray scatterer and has been used as an important tool for advanced
X-ray imaging, especially gold nanoparticles [359]. Given the polarisation dependence of inter-
actions between visible light and AuNRs, we would like to see if this extends into higher energies
such as X-rays and -y rays, which would have important applications in astrophysics, particle
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physics, medical imaging, and radiotherapy.

Liquid Crystals

Liquid crystals are liquid-crystalline mesophases formed by a surfactant when mixed with wa-
ter. They are constituted by parallel packed cylindrical micelles. There are several phases of
liquid crystals that determine the arrangement of their molecules [360], including nematic and
hexagonal [(see Figure 4.13)l The nematic phase is characterised by one-dimensional orientations
of molecules along the long molecular axes . The columnar phase is characterised by the
liquid crystal molecules assembling into cylindrical structures with differently shaped lattices.
The hexagonal shape is one example, with each micelle surrounded by six other micelles [362].
Both are highly orientable when a force is applied. Due to their anisotropic shape, they also
exhibit birefringent properties . AuNRs can be dispersed and aligned in a nematic liquid
crystal through a shear force . They can also be aligned in a hexagonal phase
liquid crystal . Both methods can achieve a high level of ordering, and as only the
alignment of AuNRs needed to be achieved for this work, one method was not favoured over the
other.

Under an atmospheric pressure of approximately 101 kPa or 1 atm, the phase diagram of
CTAB can be seen in The nematic phase is approximately between 20 — 30 wt%
with temperatures ranging from 280°K to 310°K. The phase change from the nematic phase to
the hexagonal phase occurs at approximately 30 wt% of CTAB at temperatures above 290°K.
The phase of CTAB will change from nematic to hexagonal if there is dehydration of the CTAB
-+ water mixture, as the dehydration of the sample increases the percentage weight of CTAB.

Functionalisation of Gold Nanorods

Gold nanorods are usually prepared with hexadecyltrimethylammonium bromide (CTAB) cap-
ping [370], however, they are usually replaced with polyethylene glycol (PEG) caps due to their
lower cytotoxicity . However, for the purposes of this project, the impact of different func-
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Figure 4.14: Liquid crystal phases, showcasing nematic and hexagonal phases with respect to
the CTAB wt% and the temperature in Kelvin. Adopted from Yamamoto et al [369].

tionalisations of alignment quality on scattering must be considered. PEGs are a larger molecule
compared to CTAB and increase the effective size of AuNRs [372,373]. As a result, PEG-capped
AuNRs can create more distorted ligand shells and alter the ordering and alignment of AuNRs
in the liquid crystal [374].

Significance of Surface functionalisation on Gold Nanorods

Capping agents have been commonly used as stabilisers when producing gold nanoparticles
(AulNPs). In addition to stabilising AuNPs in solution as a colloidal solution, different capping
agents can also control the surface chemistry, morphology, and size distributions of the product
|[375H377]. The as-synthesised AuNRs were capped with CTAB, which is the nematic phase of
choice in the experiment. To investigate whether capping agents may have different effects on
the ability of the liquid crystal alignment, we used three types of PEGs, amine, methyl, and
carboxylate groups, as functionalisations on the AuNRs.

4.5 Experimental Methods
The outline of the experimental method can be seen in We will provide more

details in the following sections, but briefly AuNRs were synthesised with Cetyltrimethylam-
monium bromide (CTAB) functionalisation. We wanted to explore the alignment of AuNRs
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Figure 4.15: Flowchart of the experimental setup and methods. Firstly, gold nanorods were
synthesised and functionalised with CTAB. At the same time, a nematic liquid crystal was
made with CTAB. The two were mixed together and aligned in a capillary with a shear force.
The now-aligned AuNR, + nematic CTAB sample was tested with unpolarised X-rays at a
benchtop SAXS and with polarised X-rays at the Australian Synchrotron.

with a nematic liquid crystal (NLC). With this in mind, a NLC was made with CTAB, and
the possibility of their alignment was established. The two solutions were mixed together, and
the final mixture was aligned with a shear force provided by inserting the solution into a cap-
illary and placing the capillary into a centrifuge. This forces the solution to flow down the
capillary and aligns the NLC and AuNRs solution. Its alignment was checked with a benchtop
SAXS with unpolarised X-rays. Alignment of the AuNRS are characterised by an elongated
scattering pattern. The benchtop SAXS was also used in conjuction with a rheometer at this
point for a consistent shear force, and the relaxation time of the AuNRs was investigated, where
their potential de-alignment was investigated to ensure the AuNRs remained aligned between
measurements. Finally, the sample was taken to the Australian Synchrotron in order to per-
form SAXS with a source of polarised X-rays in order to establish the relationship between the
anisotropic scattering of polarised X-rays and aligned gold nanorods.

Gold Nanorod synthesis

The synthesis of was done with the help of Alex Yin and Joseph Yang, from the University of
Sydney.

The fundamental interaction that is being tested is Thomson scattering of free electrons
[321]. In particular, we want to determine whether the distribution of scattered X-rays from
Thomson scattered is dependent on the polarisation of the incident X-rays. As such, we needed
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a material that not only has a high scattering interaction rate with X-rays but also many have
loosely bound electrons to simulate free electrons and additionally be stable enough so that a
high-energy, high-flux X-ray beam would not damage the material. With that in mind, we chose
to use gold nanorods, which is very stable [341], has a high cross section with X-rays [359, [37§],
and has a high abundance of loosely bound electrons [379, 380], making it an ideal candidate for
this project. In fact, gold nanoparticles have already many applications with X-ray interactions
|3591 [381H383].

Materials

To synthesis the AuNRS, we purchased chloroauric acid trihydrate (HAuCly), silver nitrate
(AgNO3), cetyltrimethylammonium bromide (CTAB), sodium borohydride (NaBHy), ascorbic
acid, and hydrochloric acid (HC) (37 wt%) from Sigma Aldrich.

Synthesis of Gold Nanorods

The synthesis of gold nanorods (AuNRs) was adopted from Scarabelli et al. [15]. AuNRs were
synthesised via a seed-mediated procedure. Firstly, the seed solution is produced by rapidly
injecting ice cold NaBH, (300 L, 10 mM) into a solution of HAuCly (25 uL, 50 mM) and
CTAB (4.7 mL 0.1 M). The solution was stirred vigorously for 10 — 20 seconds and left to age
for 30 minutes. Then, the seed solution is used for the synthesis of AuNRs and the reaction
is kept at 30°C. CTAB (10 mL, 0.1 M), HCI (190 pL, 1 M), and HAuCly (100 upL, 50 mM)
were added and stirred for 5 mins in a reaction vial to a final pH of 1.5. Subsequently, AgNOs3
(120 pL, 10 mM) and ascorbic acid (200 pL, 100 mM) were added to the solution. After gentle
shaking, the solution should turn colourless, where the seed solution (24 y L) from the previous
step was added to the mixture by stirring it rapidly for a few seconds and then left undisturbed
for 2 hours.

The AuNRs were separated from excess CTAB and then purified from the by-products by
centrifugation at 27°C to avoid the crystallisation of CTAB. The solution was centrifuged at
10,100 xg for 30 minutes. The precipitates can be clearly seen at the bottom of the centrifuge
tubes. The supernatant was then carefully removed, leaving a volume of approximately 50 pL
solution with the precipitates. The pellets were resuspended with Milli-Q water (18.2 MQ-cm
@ 25°C), leading to a final volume of 1.5 mL. The isolated product from the first centrifugation
was centrifuged again at 3,820 x g for 15 minutes. The supernatant, which contains the AuNRs,
was finally carefully collected without disturbing the pellets (gold nanospheres and nanocubes).

Alignment of CTAB and AuNRs

To observe anisotropic scattering, we require an anisotropic system. Thus we have chosen to
use gold nanorods instead of gold nanoparticles as their elongated shape will create an angular
asymmetry. Alignment of AuNRs causes a global anisotropy, its aspect ratio (length of its
long axis: length of its short axis) changes its interaction with light [384]. A system of aligned
AuNRs has already been determined to be sensitive to polarisation in the visible wavelengths
of light [355H358|. They observed that the absorption of light was maximal when the incident
light was polarised parallel to the long axis of the aligned AuNRs and decreased to a minimal
when the polarisation was perpendicular. In the visible spectrum the polarisation dependence
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on the absorption of light by gold nanorods is due to surface plasmon resonances (SPR) that
occur in gold [349-351]. SPRs are inherently sensitive to polarisation [347), [348]. However,
at higher energies, SPRs would have little to no effect on AuNR-photon interactions as any
photo-absorption would result in the electrons being ejected (photoelectric effect).

Liquid crystals such as CTAB are liquid crystalline mesophases formed by a surfactant when
mixed with water. They are constituted by parallel packed cylindrical micelles. There are sev-
eral phases of liquid crystals that determine the arrangement of their molecules [360], including
nematic and hexagonal The nematic phase is characterised by one-dimensional
orientations of molecules along the long molecular axes [361]. The hexagonal (columnar) phase
is characterised by the liquid crystal molecules assembling into cylindrical structures with hexag-
onal lattices|362|. Both are highly orientable with the application of a shear force [385] [386].
Due to their anisotropic shape, they also exhibit birefringent properties [363]. AuNRs can be
dispersed and aligned in a nematic liquid crystal through a shear force [357, 364} [365]. They
can also be aligned in a hexagonal phase liquid crystal [366, 367]. Both methods can achieve
a high level of ordering, and as only the alignment of AuNRs is needed to be achieved for this
work, one method was not preferred over the other, i.e., nematic and hexagonal liquid crystal
phases are both suitable.

Firstly, our goal was to recreate the alignment process of the nematic CTAB with a shear
force. To do so, CTAB was made in the nematic state, using 0.2474 g of CTAB to 0.9976 g of
Milli-Q water. This represented a 25 wt% ratio of CTAB at room temperature (approximately
25°C), which coincides with its nematic liquid crystal phase [369] (see [Fig.4.14). The smeared
and unsmeared nematic CTAB was then viewed under a polarising microscope, and the smearing
was applied by sliding the cover slip and the microscope slide with the CTAB in between. As
smearing provides a shear force, the smeared sample has the liquid crystals be aligned, whilst the
unsmeared sample should not be ordered. This can be seen in with (a) the unaligned
CTAB and (b) the aligned CTAB. As nematic CTAB is birefringent, the constructive inference
wavelengths of polarised light as it traverses through the NLC is dependent on the orientation of
the liquid crystals. Thus, aligned CTAB will be monochromatic under a polarising microscope
whilst unaligned CTAB will look polychromatic.

SAXS

X-rays are a form of electromagnetic radiation that is characterised by wavelengths between 0.01
nm and 10 nm, which in turn correspond to energies between approximately 100 eV and 100
keV. They can interact with bound atomic electrons through elastic Rayleigh scattering [320],
inelastic Compton scatteringlﬂ [215] and elastic Thomson scattering [321]. In fact, Thomson
scattering is the low energy limit of Compton scattering where the scattered photon has the
same energy in Thomson but has a different energy in Compton. Additionally, X-rays can
also interaction via the photoelectric effect where the photon is absorbed and all its energy is
transferred to the electron [322].

Developments in X-ray interaction techniques have led to many important modern applica-
tions such as radiography |186/{188|, radiotherapy |28, 189, |190|, computed tomography (CT)
scans 191} [192], X-ray diffraction [193] |194], small-angle X-ray scattering (SAXS), and wide-

Inelastic in the sense that the energy of the scattering photon is different from the energy of the incident
photon.
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angle X-ray scattering (WAXS) [195-197]. Since X-ray interactions change depending on their
polarisation, it can be very important to consider and know the polarisation of X-rays as it can
potentially fundamentally affect these applications.

SAXS uses the deflection of X-rays caused by their interactions with bound electrons in
atoms. The scattered radiation is recorded by the detector, whereas the direct beam is usually
stopped [302]. Scattered X-rays are characterized by their momentum transfer or scattering
vector q:

B 47 sin 0
=7

(4.39)

where 6 is half the angle between the scattered and incident X-rays and A\ is the wavelength of
the monochromatic X-rays. Typically in SAXS, 6 < 5° and the intensity of the scattered X-rays
,I(q), is compared with the scattering vector ¢ in linear reductions [291]. For our experiments,
we will also compare the intensity of the scattered X-rays with the azimuthal angle around
the sample, ¢, (see . This is done to study any potential differences in the angular
distribution of the scattered X-rays due to the rotations of the aligned AuNRs.

As the X-rays are monochromatic, interference patterns can also be seen in the scattering
results, arising from the constructive and destructive interference of X-rays interactions with
different layers of the sample.

Benchtop/RheoSAXS

Prior to the exposure of the AuNR to polarised X-rays, we tested our capacity to align the
AuNR in the NLCs solution as well as their relaxation time using the RhoSAXS at Sydney
Analytical. This was done because RheoSAXS will grant a consistent shear force which will
provide for a more consistent alignment of the NLCs and thus AuNRs, both in orientation and
in population.

The RheoSAXS used consisted of an AntonPaar DSR 502 rheometer paired with an An-
ton Paar SAXSPoint benchtop SAXS system. The AntonPaar DSR 502 rheometer utilises a
concentric cylinder geometry with polycarbonate cylinders with a 1 mm gap. The bob, which
was 30 mm long and has a diameter of 20mm, was inserted into the cylinder and provided the
shear force with rotations. The benchtop Anton Paar SAXSPoint system provided a copper
microfocus 0.154 nm unpolarised X-ray source operating at 50 kV and 1 mA and a Dectris Eiger
1M detector with a pixel size of 75 pm x 75 pm.

We mixed the CTAB NLC with an AuNR solution so that the AuNR solution was 5.8% of
the total weight. The solution was heated and then mixed to allow for a uniform distribution
of the AuNRs. The final mixture was placed into the AntonPaar RheoSAXS setup outline
previously and the AuNRs were aligned in the rheometer at a shear rate of 50 s~ 1, and a SAXS
image was taken. They were then allowed to relax for a period of 30 minutes by shutting the
rheometer down, and another SAXS image was then taken. The two X-ray scattering images
were compared to note any possible relaxation of the alignment of the AuNRs.

This preparation work was particularly important to ensure that the sample will remain
aligned between subsequent irradiations at the Synchrotron and resistant to a change in orien-
tation.
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(a) Unaligned CTAB under a polarising (b) Aligned CTAB under a polarising
microscope microscope

Figure 4.16: Microscope images of (a) unaligned and (b) aligned CTAB in the nematic phase
under a polarising microscope. Notice the homogeneous colour of CTAB when it is aligned,
showcasing its birefringent properties.

Simulation

SAXS results were for aligned gold nanorods with dimensions of 40 nm 4+ 15 nm by 17 nm +
2 nm with an angular (alignment) polydispersity of 30° were performed in SasView [387]. The
incident X-rays were set to 12 keV (the X-ray energies at the synchrotron). For the purposes
of the simulation of looking at X-ray scattering, the solution was set to be water, and it was
set to have a negligible effect of the scattering image. The radial and angular X-ray intensities
were compared between horizontally orientated and vertically orientated AuNRs for unpolarised
incident X-rays.

4.6 Scattering Results

Aligned Nematic CTAB

In we see (a) unaligned CTAB and (b) aligned CTAB in the nematic phase un-
der a polarizing microscope. The inhomogeneity of colour of the slide in (a) contrasts to the
homogeneity in colour of the slide in (b), which clearly showcases the successful alignment of
the CTAB liquid crystals because of their birefringent nature. The light from underneath the
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sample is white i.e. all colours of the visible spectrum. The sample is viewed through cross
polarisers, i.e. the light from underneath the sample is plane polarised and the eyepiece has a
polarising filter that is orientated perpendicularly to the illuminating light [155]. This means
that if the sample is all oriented in the same direction, so are the directions of ordinary and
extraordinary waves, and thus also their velocities. Interference patterns between the ordinary
and extraordinary waves will then happen similarly (at the same wavelengths) and thus the
colour is homogenised. If the sample is not all oriented in the same direction, the ordinary
waves and the extraordinary waves of the birefringent sample are all not going to be in the
same directions either. Thus, interference patterns between those waves will happen at different
wavelengths, depending on the orientation of the liquid crystal, giving us the different colours
of the sample.

AuNR Synthesis

The AuNRs under a scanning electron microscope (SEM) can be seen in . The gold
nanoparticles are generally rodlike with an average length of 40 nm and an average width of
16.9 nm, giving an aspect ratio of approximately 2.4 nm. As the asymmetric scattering image is
the result of the difference in the length and width of the nanorods, a larger aspect ratio would
result in great asymmetry. For our purposes, an aspect ratio of 2.4 is sufficient.

Figure 4.17: Scanning electron microscope (SEM) image of the gold nanorods. They have an
average length of 40 nm and an average width of 16.9 nm, giving them an aspect ratio of 2.4.

shows the absorption spectra of the AuNRs with CTAB, carboxylate (CM), amine (NHy) and
methyl (MPEG) functionalisations. As they are rod like, 2 peaks are result, coming from the
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two SPR, one transverse and one longitudinal. The first characteristic peaks for all AuNRs are
at approximately 510 nm. And the second characteristic peak is at approximately 820 nm for
CTAB functionalisation and 840 nm for CM, MPEG, and NH, functionalised AuNRs (a blue
shift), a behavior similar to the report by Ablarghouthi et al. [388].

Figure 4.18: Absorption spectra of AuNR with CTAB, carboxylate (CM), amine (NHj) and
methyl (MPEG) functionalisations.

The absorption spectra for the AuNRs used are shown in characterised by two
peaks at 510 nm and 840 nm as expected for nanorods, with spherical nanoparticles having only
one peak. The peaks are as a result of the different SPR modes that arise as a result of the
uneven dimensions of the nanorods. The 510 nm peak is as a result of transverse SPRs and
it still fairly consistent with varying aspect ratios. The 840 nm peak is from the longitudinal
SPR mode, traveling along the major axis of the AuNRs, and this increases with aspect ratio
and with the dielectric constant of the AuNR, but also with its capping molecule (in this case
CTAB) [384] [389]. Our absorption spectrum is consistent in shape with other AuNR spectra
[390H392]. However, the longitudinal peak is higher than one would expect for nanorods with
our aspect ratio of 2.4[393|. But, as the functionalisation of the nanorods (capping) changes its
dielectric constant, it suggests that our nanorods have a higher than expected dielectric constant
due to the CTAB capping.

As we are testing for Thomson scattering between AuNRs and X-rays, we wanted to ensure
a high interaction rate. Therefore, we wanted a high concentration of AuNRs in our mixture.
The concentration of the AuNRs can be approximated by their absorptance at 400 nm [394]:

[AU.NR]mM =0.44 x A400 (440)
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Figure 4.19: Absorption spectra of AuNR functionalised with CTAB, characterised by two
peaks as a result of transverse and longitudinal SPRs. The first at 510 nm and the second at
840 nm.

where Ayop is in units of optical density.

We tested the absorption of the AuNRs to light at 400 nm, which gave an optical density
of 2.82. Using we then calculated the concentration of the AuNR solution to
be approximately 1.24 mM. From Equation 4.39, we calculate the concentration of the AuNRs
to be approximately: 0.124 mM with the CTAB functionalisation, 0.115 mM with the CM
functionalisation, 0.139 mM with the NHy functionalisation and 0.157 mM with the MPEG
functionalisation.

The sample used at the Australian Synchrotron consisted of 1.4 g of CTAB, 2.6 g of Milli-
Q water and 1 g of 0.124 mM solution of AuNRs functionalised with CTAB, giving a total
volume of approximately 3.6 mL and a therefore a concentration of 0.034 mM of AuNRs or
approximately 2.05 x 107'% AuNRs per litre. Nanorods of 40 nm long with a radius of 8.5 nm
have a volume of approximately 9000 nm?®. This gives a volume fraction of ® = 0.018. This is
above the colume fraction for non-interactive particles of ® < 0.001, but this shouldn’t impact
the alignment of the AuNRs.
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Simulation

A model of the scattering pattern for unpolarised X-rays of 12 keV off aligned AuNRs of dimen-
sion 40 nm + 5 nm by 17 nm + 2 nm with an angular polydispersity of 30° to the alignment
was done in SasView. The output for the 2D scattering intensity function for aligned cylinders
is given by [395]:

P
I(g,a) = VFQ(q, a) + background (4.41)

where @ is the volume fraction of the AuNRsiﬂ V = 7r?L is the volume of the cylinder and
F?%(q,a) is the form factor being:

sin gL cos a J; (¢ R sin )

F%(q,a) = 2(Ap)V = (4.42)

Fcosa Rsin a

where « is the angle between the axis of the cylinder and scattering vector ¢, L is the length of
the cylinder, R is the radius of the cylinder, Ap is the scattering length density(sld) difference
between the scatterer and the solvent (sld of Au = 113 107% A=2 and sld of CTAB and water
being negligible compared to Au, this sld = 0 for the solvent.). and J; is the first order Bessel
function.

Although individual AuNRs are expected to give an anisotropic SAXS image because of
their asymmetrical and elongated shape, a population of unaligned AuNRs would still result
in a symmetrical scattering pattern due to the scattering imaging being the summation of X-
ray scattering off every AuNR. This can be seen in This is a simulation of the
expected SAXS image done in SASView [387] for a beam of 12 keV X-rays on unaligned AuNRs,
in water, of dimensions 40 nm x 17 nm with random alignment in azimuthal angle ¢ and also
polar angle #. We modelled AuNRs in water instead of CTAB as they are both low in contrast
to the gold nanorods and thus are not expected to change the simulations overtly. As the
CTAB is only there to facilitate the alignment of the nanorods, it can be ignored to visualise a
scattering pattern because of the gold only, and this also saves computation time. If the AuNRs
are aligned, the sum of the scattered X-ray counts (intensity) would result in an elongated shape
that is the inverse of the rod shape. This can be seen in for horizontally aligned
AuNRs and for vertically aligned AuNRs. As this model simulates a beam of
unpolarised X-rays, the radial data reduction, which is a plot of the total counts of the scattered
X-rays for each g-value (see[Equation 4.39)) or I(q) vs. g, is identical regardless of the orientation
of the AuNRs, as can be seen in [Figure 4.21(a)| after a radial reduction. Here reduction simply
is the summation of the X-ray counts in the scattered image, and a reduction sums over a fixed
radius (g-value) away from the centre, over a 27 range of the azimuthal angle ¢ (a complete
circle). An angular reduction sums over a range of radii whilst keeping ¢ fixed. The radial data
reduction, which is a plot of the total counts of scattered X-rays for each value of the azimuthal
angle ¢ in degrees or I(¢) vs. ¢, are also identical except for a shift of 90° between the two
orientations as can be seen in . This is expected due to the 90° rotation. What
we are aiming to test for is whether the angular reduction plot remains the same if the X-ray
beam is polarised.

8% = 0.018 for our experiment
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(a) Simulated scattering image of unaligned AuNRs and
unpolarised 12 keV X-rays

(b) Simulated scattering image of  (c) Simulated scattering image of
horizontally orientation AuNRs and vertically orientation AuNRs and
unpolarised 12 keV X-rays unpolarised 12 keV X-rays

Figure 4.20: SAXS model of unpolarised X-rays for (a) unaligned AuNRs (b) horizontally
aligned AuNRs and (c) vertically aligned AuNRs. The scattering image of unaligned AuNRs
results in a symmetric pattern. Aligned AuNRs results in an anisotropic shape.
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Figure 4.21: (a) Shows the radial data reduction (summation of X-ray counts radially
outwards) and (b) shows the angular data reduction (summation of X-ray counts with
azimuthal angle ¢) of the horizontally and vertically aligned AuNRs. The radial data
reduction has the horizontal and vertical intensity be exactly equal at every ¢, whilst the
angular data reduction has the intensity plots being shifted by 90° due to the rotation of the
AuNRs. However the peak intensities are still exactly the same.

Benchtop SAXS at varying AulNR concentrations

In[Figure 4.22) we see the SAXS results of nematic CTAB with AuNRs for different concentrations
by weight; (a) 1%. (b) 2.6%, (c) 5.8% and (d) 10.4%. The pattern is anisotropic because of
the alignment of the AuNRs and their asymmetric (rod-like) shape. If the AuNRs were not
aligned, the scattering pattern would have been a circle with layered rings. It was determined
that around 5.8% by weight of the AuNR solution should be added to the CTAB to get the
desired scattering pattern. Aligned nanorods would give an intensity peak perpendicular to their
long axis, which is what we see in [Figure 4.22(a), Figure 4.22(c) and Figure 4.22(d), however,
there is some smearing and de-alignment of the AuNRs in [Figure 4.22(a) and Figure 4.22(d)|
as can be seen from the shape of the central scattering pattern, as low g-values are scattered
X-rays primarily from the gold. This could be caused by a changing of phase from nematic to
hexagonal or a metastable gel phase|369] due to the drop in temperature or the dehydration of
of the sample. also shows nice alignment but from the orientation of the peaks,
the alignment seems to be vertical rather than horizontal. This could potentially be caused by
the orientation of the capillary inside the centrifuge being not well aligned with the centrifugal
force provided. This means that the solution did not flow evenly down the capillary, causing
the AuNRs to be aligned not parallel to the capillary.
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(a) SAXS pattern of nematic CTAB with 1% (b) SAXS pattern of nematic CTAB with 2.6%
AuNR solution by weight. AuNR solution by weight.

(c) SAXS pattern of nematic CTAB with 5.8%  (d) SAXS pattern of nematic CTAB with 10.4%
AuNR solution by weight. AuNR solution by weight.

Figure 4.22: SAXS of aligned nematic CTAB + AulNR at different concentrations.

RheoSAXS

In we can see the results of RheoSAXS of the nematic CTAB + AuNR at different
shear rates of the rheometer; (a) 50 s™!, (b) 250 s~! and (c) 500 s~*. There does not seem to
be any significant difference between the three rotational speeds. However, the results are not
as sharp as those of the centrifuge method, and this could be because the rheometer introduces
air bubbles into the mixture because of the constant rotation of the bob.

We show the scattering image of aligned AuNRs in nematic CTAB obtained using the bench-
top RheoSAXS at 50 s™! can be seen in [Figure 4.24(a)| with [Fig 4.24(b)| being the SAXS image
taken 30 min after stopping the rheometer. Due to the short sample-to-detector distance, the
central scattering pattern of the gold is mostly blocked by the beamstop. However, we can still
determine the alignment of the mixture from the first diffraction ring, as seen above and below
the central bright spot in the image.

This is caused by the first order constructive interference pattern of the scattered X-rays off
the layers of CTAB and gold. An unaligned sample would result in a homogeneous ring as their
is preferred scattering direction. However, our scattering images show an asymmetry of the
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(a) RheoSAXS of nematic (b) RheoSAXS of nematic (c) RheoSAXS of nematic
CTAB + AuNRs at 50 s~ CTAB + AuNRs at 250 s~ CTAB + AuNRs at 500 s~

Figure 4.23: RheoSAXS at different shear rates.

sample, indicating horizontal alignment. Furthermore, little to no loss of alignment can be seen
after a 30 minute relaxation time. As the time between shots at the Australian Synchrotron is
on the order of a few minutes at most, the AuNRs should retain their alignment.

(a) RheoSAXS of nematic CTAB + AuNRs
at 50 s~ ' (b) SAXS of (a) after a 30min relaxation time

Figure 4.24: Scattering of (a) and (b) are very similar despite a 30 min relaxation time. This
showcases that the AuNRs in NLC have a long relaxation time.

In we can see the RheoSAXS results of nematic CTAB and AuNRs with different
capping; (a) CTAB cap, (b) CM cap, (c) NH; and (d) MPEG cap. From the scattering patterns
it appears that the sharpest and clearest scattering results are from using either CTAB or
MPEG capping and the best alignment are from using CM capping, but there isn’t a significant
difference between the 3. However, the NHy capping has the weakest results.
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(a) RheoSAXS of nematic CTAB + CTAB (b) RheoSAXS of nematic CTAB + CM capped
capped AuNRs AuNRs

(c) RheoSAXS of nematic CTAB + NHj capped (d) RheoSAXS of nematic CTAB + MPEG
AuNRs capped AuNRs

Figure 4.25: RheoSAXS at of nematic CTAB and AuNRs with different cappings.

Polarised X-ray Interactions with Synchrotron Radiation

The scattering results of aligned AuNRs under polarised SAXS can be seen in
The central bright spot (near q = 0) is due to direct scattering of the AuNRs, the asymmetric
shape indicating their successful alignment. The rings around the central bright spot are due
to the interference patterns of the scattered X-rays as a result of the spacings between the
ordered AuNR and CTAB mixtures. The phase of the liquid crystal can be determined from
the g-value ratio of the rings. However, since we are only concerned with aligned AuNRs,
whether the liquid crystals are in a nematic or hexagonal phase should not have an impact on
our results and conclusions. [Figure 4.26(a)| shows the scattering image for horizontally aligned
AuNRs and [Figure 4.26(b)[shows the scattering image for vertically aligned AuNRs. As the gold
interacts much more strongly with X-rays compared to the quartz capillary and the nematic
CTAB solution, their contributions to the scattering intensity is negligible, and thus can be
ignored when analysing the data. We can see that the anisotropic shape of the scattering image
agrees with the simulation. There is a more rounded shape in the actual results when compared
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with the simulated data. However, the simulations are for perfectly identical AuNRs with no
variations in 6 or ¢. The actual nanorods would have some degree of polydispersity in the shape,
size, and orientation, but we can see that they are still generally aligned. Firstly, we needed
to determine whether the X-ray interaction spot between the two events remained consistent.
This was done by looking at the radial data reduction of intensity of the scattered X-rays for
every g-value, I(q) vs. ¢. Data reduction was performed using the AntonParr SAXSanalysis
software after exportation of the images obtained at the Australian Synchrotron. As we were
only concerned with scattered X-rays from the nanorods and not about the interference patterns
i.e. the ring structures, data reduction was chosen to be done from a g-value of 0.03 - 0.6. The
lower limit is due to the fact that there being a beamstop protecting the detector from the high
flux X-ray source and negating all the small q counts. The upper limit was chosen to maximise
the counts of X-rays scattered from the AuNRs whilst also not counting X-rays undergoing
interference (ring structures). The radial data reduction can be seen in Both
orientations have a very similar I(g) vs. ¢ plot, which indicates a consistent sample.

Next, we wanted to see how a polarised beam of X-rays impacts the scattering pattern of
the AuNRs in the horizontal and vertical orientations. In the simulations, the only difference
between the two orientations was a 90o shift in the angular data reduction, with the same
amplitudes. We wanted to see if polarised X-rays would also cause a change in the amplitudes
of the data reduction, in addition to the angular shift. An angular data reduction was performed
between the intensity of the scattered X-rays against the azimuthal angle ¢, or I(¢) vs. ¢, also
choosing the same g-value ranges of 0.03 to 0.6. As the AuNR orientations were offset by 90
degrees from the rotation of the capillary, so were the angular scattering results, as seen in

Figure 4.26(d)|.

To compare the angular reduction directly, a 90 degree shift was applied. This can be seen
in In the shifted angular reduction of I(¢) vs. ¢, there is now a difference in the
peak magnitudes, in contrast to the simulated results. The vertically aligned AuNRs resulted
in a higher peak compared to the horizontally aligned AuNRs. This means that the scattered
X-rays off the vertical AuNRs were distributed more sharply than the scattered X-rays off the
horizontal AuNRs. As the only difference between the two samples was the angle subtended by
the E-vector of the polarised X-rays, which were horizontal, and the alignment direction of the
AuNRs, this indicates that polarisation of the X-rays influences their scattering direction.

shows another scattering result of aligned AuNRs and polarised X-rays from
(a) horizontal orientation and (b) vertical orientation. Once again (c) shows the radial data
reduction I(g) vs. ¢ and (d) shows the angular data reduction, I(¢) vs. ¢. Once again the
radial data reduction plots are nearly identical whilst the shifted angular plots
shows that the vertically aligned AuNRs have sharper peaks and troughs.

[Figure 4.30]is another result of SAXS of aligned AuNRs at the Australian Synchrotron, with
(a) horizontal orientation and (b) vertical orientation. (c) shows the radial data reduction I(q)
vs. ¢ and (d) shows the angular data reduction, I(¢) vs. ¢. The radial data reductions are once
again identical, suggesting the sample remained the same after rotation, however,
which shows the shifted angular data reduction, this time having the horizontally aligned AuNRs
have slightly sharper peaks compared to the vertically aligned AuNRs. However, from
[4.30(a) and 4.30(b)} the scattering pattern in the centre is more box-like and less rounded that
compared to [Figures 4.28(a) and 4.28(b)| and |[Figures 4.26(a) and 4.26(b)] This may suggest
that the AuNRs are no longer perpendicular to the incident beam, but rather at a different
angle. This effective changes their shape from the perspective of the X-rays, resulting in the
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(a) Horizontal Orientation (b) Vertical Orientation
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Figure 4.26: SAXS results of horizontally polarised X-rays and aligned gold nanorods in the
(a) vertical orientation and (b) horizontal orientation. (c) Radial data reduction of the counts
of the scattering X-rays of the capillary in the horizontal and vertical orientations. The two
nearly overlapping plots indicates the X-rays hit a consistent sample. (d) Angular data
reduction of the same scattering images. The difference in peak magnitudes indicates a
difference in the angular distribution of the scattered X-rays.
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Figure 4.27: Shifted angular data reduction of the scattering images in [Figure 4.26| (blue:
horizontal, orange: vertical),. The difference in peak magnitudes indicates a difference in the
angular distribution of the scattered X-rays.

differently shaped scattering pattern. This may be the cause of the change in behaviour of the
scattered X-rays.

As we are investigating the impact of the angular scattering pattern of the angle between
the polarisation vector of the X-rays and the orientation vector of the AuNRs after a rotation
of the AuNRs, we also wanted to check to see if the differences in amplitudes obtained above
remained if the gold nanorods were aligned at a 45° angle. In this scenario, a 90° rotation
of the capillary would not result in a different angle of the polarisation of the X-rays and the
AuNRs (as it would still be a 45° angle in both instances), and we expect the amplitudes of
the scattering images to remain the same accordingly. The resulting scattering images of the
aforementioned scenario can be seen in [Figure 4.32(a) and Figure 4.32(b)}

Once again, the radial data reduction I(g) vs. ¢, are very similar , showing
that there were no disturbances in the sample after rotation. However, as seen in
the shifted angular intensities are now also very similar despite a 90-degree rotation of the
AuNRs, which means that the angular distributions of the scattered X-rays relative to the
AuNRs remained the same. As the angles formed by the AuNRs and the E-vector of the X-rays
are similar after a 90 degree rotation, with both being approximately 45°, this indicates that
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(a) Horizontal Orientation (b) Vertical Orientation
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Figure 4.28: SAXS results of the aligned gold nanorods with the alignment in the (a)
horizontal orientation and (b) vertical orientation. (c) Radial data reduction (blue: horizontal,
orange: vertical). (d) angular data reduction (blue: horizontal, orange: vertical)
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Figure 4.29: Shifted angular reduction for |Figure 4.28| (blue: horizontal, orange: vertical),
showing, once again, a higher peak and lower trough for the vertically aligned AuNRs
compared to the horizontally aligned AuNRs.

the difference in angular scattering seen in [Figure 4.27 and [Figure 4.29 was not only caused by
the rotation of the capillaries.

Furthermore, we also wanted to check the scattering results for unaligned or poorly aligned
AuNRs to see if the polarisation dependence of the anisotropic scattered was an artefact of the
SAXS instrumentation. Poorly aligned AuNRs in a quartz capillary was placed in the beamline
in the horizontal and vertical orientations. The scattering images can be seen in [Figure 4.34(a)
[and Figure 4.34(b)l As the AuNRs are poorly aligned, the scattering image is much more
symmetric. The radial reduction is shown in once again showing the intensity
I(q) as a function of the g-value. The matching plots show that the sample was the same between
the two shots and, moreover, that even partially aligned AuNRs have the same interaction rates
with the polarised X-ray beam after rotation. The shifted angular data reduction is shown in
There is actually a slight periodicity of the plot showing a partial alignment. We
can see that partially aligned AuNRs also displayed very little difference in the angular scattering
plots. This shows that the distribution or the direction of the scattered X-rays relative to the
alignment of the AuNRs remained consistent in this case. This indicates that the difference seen
in [Figure 4.27] and [Figure 4.29] was not the result related to the X-ray detector or an inherent
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(a) Horizontal Orientaion (b) Vertical Orientation
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Figure 4.30: Scattering results of SAXS of the align gold nanorods with the alignment in the
(a) horizontal orientation and (b) vertical orientation. (c) shows the radial data reduction
(blue: horizontal, orange: vertical) and (d) the angular data reduction (blue: horizontal,

orange: vertical)
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Figure 4.31: Shifted angular reduction for [Figure 4.30| (blue: horizontal, orange: vertical).
This time however, we can see there is a higher amplitude for the horizontally aligned
nanorods instead of the vertically aligned nanorods.

artefact of the beamline, as that difference would also be present here. This reinforces the idea
that the angle between the polarisation of the X-rays and the aligned AulNRs is the cause of the
anisotropy in the angular scattering pattern that we observed.

4.7 Discussion

The results obtained at the Australian Synchrotron for SAXS of aligned AuNRs in a nematic
CTAB solution and horizontally polarised X-rays showed that there was a difference in the
angular distribution of the scattered X-rays when the alignment of the AuNRs was in the vertical
and horizontal orientations. In fact, when the alignment of the AuNRs was perpendicular to the
E-vector of the incident X-rays (horizontal), the angular scattering intensity produced higher
peaks and lower troughs compared to the AuNRs oriented parallel to the X-ray E-vector. This
meant that more of the scattered X-rays were in the direction directly perpendicular to the
AuNRs and less in the direction directly parallel, changing the direction of the scattered X-rays
relative to the orientation of the AuNRs. The differences were not caused by the X-rays striking
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Figure 4.32: Scattering results of SAXS of the align gold nanorods with the alignment in the
(a) horizontal orientation and (b) vertical orientation. In this case the alignment of gold
nanorods meant that under both vertical and horizontal orientations of the capillary, the angle
subtend by aligned AuNRs and the x-ray E-vector remained the same. (c) Radial reduction of
both images shows that the samples were still consistent in composition between shots. (d)
Angular data reduction of both images (blue: horizontal, orange: vertical).
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Figure 4.33: Shifted angular reduction for [Figure 4.32[ (blue: vertical, orange: horizontal), This
time however, the two plots are much more similar. This meant in this case, the distribution of
the scattered X-rays were the same for both orientations.

60

the capillary at a different location, differences in material, a change in phase of the nematic
liquid crystal, or a change in path length of the X-rays through the material, because of the
similarity of the radial plots at each g-value. Any instance of radiation damage or de-alignment
of the AuNRs would have been seen in a change in the intensity plot of the radial reduction
data. We also established that the relaxation time of the aligned AuNRs was not a factor as it
is much longer than the time it took between shots.

Furthermore, when the alignment of the AuNRs was at 45° with the capillary, resulting
in both orientations of the capillary having the same angular separation from the polarisation
vector of the X-rays, the angular scattering patterns no longer showed any differences in intensity
relative to the orientation. This suggests that the differences in the angular distribution of the
scattered X-rays are not caused by the rotation of the capillary and that the angle subtended
the orientation of the AuNRs and the X-ray polarisation is most likely the cause of the change.
Additionally, when the AulNRs were poorly aligned or partially aligned, there were also no
differences in the angular scattering pattern after rotation. This suggests that any differences
detected in the scattering pattern were not due to the detection mechanism such as a fault in
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Figure 4.34: Scattering results of SAXS of poorly aligned AuNRs with the capillary in the (a)
horizontal orientation and (b) vertical. In this instance, we obtained poorly aligned AuNRs
which resulted in a more symmetric circular scattering pattern. (c) The radial data reduction
are similar for the two orientations, indicating the same remained consistent between shots.

(d) The angular data reduction.
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Figure 4.35: Shifted angular reduction for [Figure 4.34| (blue: vertical, orange: horizontal),
shows a slight periodicity which indicates partial alignment. However, once again the

difference between the two plots are little to none.

the detector or a fault in the mounting mechanism. Neither was it an artefact of the beamline
itself, as an angular intensity difference would still be present in this scenario.

The results relied heavily on the visual comparison of "shifted angular data reduction" plots.
A more quantitative metric would be to compare the values of the intensity peaks between the
horizontal and vertical orientations of the gold nanorods. However, as this work is exploratory
and lacked many repetitions, observational results are sufficient to motivate future tests with

larger sample sizes with rigorous statistical analysis. That is where the quantitative analysis
would be more useful.

We note that some scattering results were more box-like rather than rounded such as in
[Figures 4.30(a) and 4.30(b)l This may have arisen because the nanorods are no longer perfectly
perpendicular to the X-ray beam (angular polydispersity). However, this should not overly
impact the conclusions of our results for three reasons. Firstly, the simulations already accounted
for an angular polydispersity of 30 degrees to the X-ray beam, i.e., some nanorods were simulated
to not be perpendicular to the X-ray beam by up to 30 degrees. We can see that even in this
case, the two intensity distributions were exactly the same and that any intensity differences
are not the result of polydispersity. Secondly, polydispersity just changes the profile of the

146



nanorods from the perspective of the beam, i.e. changes their dimension ratio. As long as
they are not aligned in the direction of X-ray propagation, then there is still an asymmetry
to between their height and their width. Any discrepancies in the intensity profile are thus
as a result of these differences and therefore from their orientation. Finally, as the rotation is
completely perpendicular to the X-ray beam, the polydispersity in the horizontal orientation
would be exactly the same as in the vertical orientation, and thus this variable would be fixed
between tests of the same sample, with their orientation being the only independent variable.

It is worth mentioning that the theory behind anisotropic Thomson scattering of X-rays was
calculated for free electrons. Although gold has relatively loosely bound electrons, their binding
energies could still affect their X-ray interactions, albeit extremely minutely as the energy of the
X-rays are much greater than the binding energy of the electrons. The difference in scattering
intensities of the polarised X-rays could also arise from SPRs on the surface of gold nanoparticles,
because they are also inherently dependent on polarisation. However, SPRs are not expected for
interactions of such high energy, but could potentially be present from secondary interactions.
However, once again, this should be negligible compared to the high flux of the X-ray beam.
Another thing to consider is the alignment techniques used in this work, using nematic and
hexagonal phase CTAB and providing a shear force using a centrifuge. This meant that their
alignment was not always consistent in orientation and degree resulting in some polydispersity.
CTAB in the nematic and hexagonal phases is also highly dependent on temperature. Excessive
imaging under high flux synchrotron radiation could potentially cause radiation damage to the
sample and change the phase. Thus, for this work, only orthogonal orientations of the AuNRs
were tested under SAXS. Radiation damage was checked by reshooting the same spot at 0 and
90 degrees. However, a revisit to this experiment with better and more consistent alignment
techniques should be done to test the scattering intensities at multiple AuNR orientations in
between 0 and 90 degrees to get a more complete picture of the polarisation dependence of X-ray
interactions. Moreover, this effect is expected to be more noticeable for Compton Scattering,
which requires even higher energy photons (in the MeV or GeV range). To test for this, a more
powerful beamline is required.

4.8 Conclusion

In this work, we demonstrate that it is possible to align gold nanorods in the nematic and
hexagonal phase CTAB with a shear force. Aligned AulNRs resulted in an anisotropic X-ray
scattering pattern under SAXS, as expected. The effects of the polarisations of the X-rays on
their interactions with aligned AuNRs were examined. Samples of AuNRs in nematic CTAB
were prepared in quartz capillaries, aligned using a centrifuge. The aligned samples were then
put into a beam of horizontally polarised X-rays at the SAXS/WAXS beamline at the Australian
Synchrotron. The capillaries were shot and then rotated 90° and again shot to see if there was
a difference in the relative angular scattering pattern or the azimuthal angular distribution of
the scattered X-rays. The radial counts of the detected x-rays of the vertical and horizontal
orientated capillaries were the same, which indicates that the X-rays were scattering off the
same sample makeup. However, the intensities were different in the intensity vs. azimuthal
angle plot (I(¢) vs. ¢, for horizontally and vertically aligned AuNRs. This suggests that the
scattering patterns obtained from the different orientations of the AuNRs could be exploited to
determine the initial polarisation mode of the incident X-rays.
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Furthermore, when the alignment of the AulNRs is at a 45°, so that the horizontal and vertical
orientations have the same angle subtended by the X-ray E-vector and the alignment axes of
the AuNRs, the angular difference is no longer apparent. In addition, when the AuNRs are not
well aligned, resulting in a more isotropic scattering pattern, the differences in intensities of I(¢)
vs. ¢ of the scattered X-rays are also massively reduced, which indicates that the differences
are not the result of instrumental error. Thus, this suggests that the angle subtended by the
E-vector of the polarised X-rays and orientation of the aligned AuNRs are a factor in the
intensity of angular distribution of the scattered X-rays. AulNRs aligned perpendicularly to
the E-vector of the X-rays have more intense scattering in the direction perpendicular to their
alignment. In contrast, AuNRS aligned parallel to the X-ray E-vector scattered more X-rays
in the direction parallel to their alignment vector. These results indicate that the orientation
of AuNRS can be used to determine the polarisation of X-rays through Thomson scattering,
which would be used to design and develop a new type of X-ray polarisation detector. This
novel detector would be much smaller in size, have greater cost-effectiveness, and be much
easier to manufacture compared to current and proposed options. This could have long lasting
applications in cosmology, astrophysics, medical science, and X-ray and v ray imaging.
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CHAPTER 5

Small Building Blocks

5.1 Introduction

This chapter outlines the work that was done that did not warrant an entire chapter in this
thesis. Nevertheless, they helped with the conceptualisation, methodology, and motivation for
the previously written chapters in this thesis. As such, I felt it was important to include the
following.

For the work detailed here, I was not the main author of the work "Time-Resolved In Situ
Small-Angle X-ray Scattering to Determine the Kinetics of Formation of Liquid Crystalline
Structure in the Core of Polymeric Nanoparticles during and after Turbulent Mixing". My
contribution to the project was solely in its investigation, namely carrying out the experiment
at the Australian Synchrotron such as the making of the sample and taking measurements at
the SAXS beamline. As such, I have included mainly the experimental method section of the
manuscriptﬂ The conceptualisation, methodology, and data analysis and interpretation were
done by my coauthors, and I have only included such sections to contextualise the whole work.
Nonetheless, my role in this project helped me gain an experience in the SAXS beamline at the
Australian Synchrotron, which was key in the conceptualisation of the work done in

I will go through the motivation for this work in and give the background in
My main contribution is in the experimental and result gathering aspect, overviewed
in and Section 5.5, although I did not participate in the data analysis. Finally, a
brief summary of the results can be found in

For the full publication, see the article by Dasaro et al. [3].

5.2 Motivation of Work

The encapsulation of liquid crystalline phases, formed from biocompatible amphiphiles, into
nanoparticles has emerged as a promising delivery strategy for hydrophilic and hydrophobic
therapeutics. Strategies to characterise these delivery systems as a function of formulation
parameters and aqueous environment postmanufacture are well-documented. A critical gap re-
mains regarding the assembly kinetics and in situ dynamics of these systems using industrially
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relevant manufacturing techniques. Systematically investigating these characteristics is chal-
lenging: computational simulations are time-intensive and costly, while current in situ quan-
tification techniques are limited in scalability and batch size. We here combine synchrotron
small-angle X-ray scattering with Flash NanoPrecipitation, a scalable turbulent mixing tech-
nology, to capture time-resolved measurements of the formation of liquid crystal phases under
nanoconfinement during and after nanoprecipitation. This technique reveals that self-assembly
occurs in two steps, with internal liquid crystal self-assembly occurring on longer time scales
(second to minutes) than initial nanoprecipitation (milliseconds) as a function of formulation
parameters.

5.3 Background

In situ measurement techniques offer a comparably high-throughput path to obtaining real-time
measurements of nanoscale self-assembled LC phases|396] [397]. Research in this area combines
synchrotron small-angle X-ray scattering (SAXS) with a stop-flow apparatus or a microfluidic
mixing device to quantify the behaviour of the LC phase in a time-resolved manner 398, |399].
SAXS is a robust, well-established method for identifying LC phases, and microfluidic mixing
produces highly controllable and reproducible flow patterns|289, 400, [401]. The goal of this
work was to quantify the time-resolved behaviour of an LC phase-based polymeric nanoparticle
formulation prepared using an industrially relevant mixing technique. To do this, a confined
impinging jets mixer (CLJ), a turbulent mixer used for the manufacture of lipid nanoparticles
at the global scale by Pfizer, was used in conjunction with synchrotron SAXS|402|. CIJ mix-
ers enable continuous reproducible turbulent mixing on a time scale of 1.53 ms [403]. When
used for nanoprecipitation, termed Flash NanoPrecipitation (FNP), this rapid mixing results
in nanoparticle self-assembly occurring via diffusion-limited aggregation|404]. We here utilise
CIJ mixers to produce antibiotic-loaded coreshell polymeric nanoparticles (NPs) with liquid
crystalline phases in the cores. These LC phases are comprised of hydrophobic ionic complexes
formed between a cationic hydrophilic antibiotic peptide, polymyxin B (PMB), and an anionic
hydrophobic counterion, sodium oleate (NaOL)[405]. An amphiphilic diblock copolymer, poly-
(caprolactone)-b-poly(ethylene glycol), is used as the surface shell to provide steric colloidal
stabilisation. Each block of the diblock copolymer was 5 kDa in molecular weight. The model
PMB:OL PCL-b-PEG NP formulation process and assembly via FNP are provided in
B

5.4 Experimental Setup

The flowthrough apparatus, depicted in consists of a CIJ mixer and a series of quartz
capillaries inserted downstream of the mixer and connected in series to the mixer effluent. When
the CIJ is run continuously, this setup enables measurement of LC phases in NPs under flow
at selected times after fluid elements exit the mixer. A MATLAB script (provided in the
Supporting Information) was used to remotely operate syringe pumps that fed solvent (50/50
Tetrahydrofuran (THF)/Methanol (MeOH), containing dissolved PCL-b-PEG and NaOL) and
antisolvent (water, containing dissolved PMB sulfate) streams into the mixer at 60 mL/min per
stream. Over the course of each 60s run (chosen to conserve material, though the CIJ can be
run continuously), the platform anchored to the mixer-capillary system was moved vertically
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Figure 5.1: (Left) Schematic representation of the combined Flash NanoPrecipitation (FNP)
and hydrophobic ion pairing process detailing formulation parameters used to validate the
flowthrough apparatus. (Right) Overall time scale and order of events leading up to
nanoparticle formation and diagram of potential liquid crystalline phases in nanoparticle cores.

through each of the four positions in and SAXS measurements (approximately
1.5 s per acquisition) were taken at each location. After 60 s, the flow was stopped and SAXS
measurements were taken at position 3 every 90 s until significant changes in the LC phase
were no longer observed over time. Initial shots at the outlet of the mixer were taken after
1 2 s after flow was initiated, allowing for the mixer to reach equilibrium. Slight vertical
adjustments around position 3 were made after 5 min into the ‘stopped flow’ regime to avoid
sample degradation due to repeated X-ray exposure.

The above setup enabled continuous characterisation on short time scales immediately after
mixing. To completely characterise the system, including at the point of mixing, a custom-made
modified CIJ was developed and inserted into the mixer-capillary system in This
mixer, depicted in|Figure 5.2(B) and Figure 5.2(C)|contains a quartz window with optical access
to the mixing chamber, allowing for SAXS measurements of the mixing event. Based on the
volumetric flow rate through the mixer and the volume of the mixing chamber, the average
residence time in the mixing chamber is calculated to be 32 ms. Therefore, accounting for
the 1.5 3 ms mixing time, the measurements recorded from within the mixer chamber are
representative of components that have had the opportunity to self-assemble for approximately
30 ms. A schematic of the experimental setup can be seen in

5.5 Results
provides a representative snapshot of data collected from this mixer at this earliest

time point in the mixing process, approx. 30 ms after mixing is complete. The upturn at lower
q values of the averaged data, represented by the open circles, indicates definitive association
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Figure 5.2: (A) Spatiotemporally resolved SAXS-CIJ configuration. Labels represent
measurement locations and sample assembly time downstream of the mixer. Assembly time
was based on a fluid element flowing through that location after exiting the mixing chamber
determined from tubing length and diameter and liquid volumetric flow rate. (B) Front
(beam-facing) and (C) back (detector-facing) views of the modified quartz window CIJ that
allows for optical access into the mixing chamber and detection of scattered X-rays. (D) CAD
design side view of the mixer detailing the specifications (in mm) and optical access points.

Figure 5.3: Schematic of the Experimental Setup. Nanoparticles are mixed in the CLJ mixing
chamber and SAXS measurements are taken at different positions, which allows for
time-resolved measurements
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Figure 5.4: SAXS measurements from the CIJ mixing chamber after 30 ms of self-assembly
suggesting the presence of nanoparticles (evident from increased scattering above background
at low q values) but no LC phases. This suggests that formation of LC phases in NP cores
likely occurs on a time scale longer than overall particle self-assembly. The average of three
background subtracted measurements is represented by open circles and compared to a
lipid-free, solvent-only blank run, plotted as x. Arrows are provided to highlight the
differences in the plot shapes at low q.

of molecular nanoparticle components, while the lack of prominent peaks suggests that quan-
tifiable LC phase formation had not yet occurred|406]. The experimental setup was optimised
specifically for LC phase quantification and thus there was not a robust population of low g
data points that can be utilised to extrapolate size data, this will be the subject of future work.

For the same 1:4 PMB:OL formulation presented in[Figure 5.4] broad but quantifiable higher-
order peaks were identified immediately downstream of the mixer from SAXS-CIJ shots taken
at positions 2 and 3. We present this evolution in liquid crystalline assembly over the course of
17 min for 1:4 PMB:OL NPs in These results suggest that LC phase evolution
continues under nanoconfinement once the nanoparticles exit the mixing chamber on a time
scale that exceeds the expected assembly time for polymeric NPs. To investigate the sensitivity
of the combined SAXS-CIJ system to changes in formulation parameters, NPs were prepared
using the same 1:4 PMB:OL PCL-b-PEG formulation as the base, with an additional component,
vitamin E acetate (25% of the total core) included in the organic solvent feed. Vitamin E is
regularly used in FNP literature as a strongly hydrophobic small molecule that can act as a
core material, serve as a nucleation site to promote precipitation of less hydrophobic species, or
otherwise assist in core cohesion|407|. The LC phase kinetics for the 1:4 PMB:OL + vitamin

E system over 17 min are presented as [Figure 5.5 (B)l A direct comparison between [Figure 5.5
(A) and (B)| reveals that the time for higher-order peaks to completely resolve in the presence
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Figure 5.5: (A) Waterfall plot of the evolution of the internal structure of 1:4 PMB:OL NPs
demonstrating a rapid increase in peak intensity over the first 100 ms postmixing. (B) Liquid
crystalline assembly kinetics for 1:4 PMB:OL NPs in the presence of a strongly hydrophobic
species (vitamin E). The final line on each plot represents an LC phase age of 17 min.

of vitamin E vs without is markedly different. Without vitamin E, the relative maximum peak
intensity is achieved in less than 10 s. In the presence of vitamin E, the time taken to reach the
relative maximum intensity was on the order of hundreds of seconds.

Conclusion

Our findings indicate that, for the model PMB:OL PCL-b-PEG NP system, the time scale of
LC phase formation is longer than that of nanoparticle assembly, and that the presence of a
hydrophobic cocore significantly affects these kinetics. The experimental apparatus (including
the quartz window CIJ) is generalisable to other nanoparticle systems produced by antisolvent
precipitation.
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CHAPTER 6

Concluding Remarks

Ultimately, this project has been about the fundamental interactions light has with matter, in
particular, with regard to detecting its polarisation. We started our journey with a brief dive
into the fundamental properties of light that we have known throughout history and how it
has shaped our understanding and modelling of light and its interactions. Currently, our best
interpretation of light is by the quantum mechanical model where light behaves both as a wave
and a particle, and it is through these behaviours that we must model light interactions.

One particular aspect of light that we focus on is the polarisation of light. Polarisation is a
fundamental part of light, as cardinal as its energy, wavelength, frequency, and velocity. Every
wave, every particle, has this aspect at its core and it must be considered when we deal with how
light interacts with matter. Polarisation is present in both the classical and quantum-mechanical
descriptions of light, and it can arise in many different ways. What we are most interested is in
its detection, in particular creating novel methods in this pursuit, and use it to infer properties of
its inception. Current detectors of polarisation exist in the visible domain, but direct detection
requires intricate electronics, and they all suffer from size and cost complexities, which limits
their mass production and general usage. What is missing is a small, easy to make polarisation
detector that allows for a small, cost effective and easy to produce device that allows quick
polarimetry of visible light.

To this end, we first started looking at some of the oldest known detectors of polarisation;
animals. Animals, both terrestrial and aquatic, have been organically using polarisation to
navigate and communicate in ways that we have not yet been able to fully master, or even
discern. We began, in by looking at the behaviour of the larvae of the sea urchin
Centrostephanus rodgersii. We found that they responded to unpolarised halogen light with
positive phototaxis, that is, they swam towards the light source. This was contrasted to their
general apathy towards movement under no exposure to any light, indicating that they do, in
fact, have photoreceptors, but also are responding to light stimulus. They also have impetus
for polarised light. Positive phototaxis was shown under illumination of horizontally polarised
light but not under vertically polarised light, which is suggestive that they have sensitivity to
linear polarisation. The exact mechanism is unknown, but polarisation sensitivity arises in other
animals due to an alignment of their photoreceptors. The light sensing molecules, chromophores,
are inherently sensitive to polarisation, selectively absorbing light that has polarised parallel to
the molecule. A global ordering of chromophores can give rise to polarisation contrast. For
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marine species such as the sea urchin, there may also be some evolutionary pressure to be more
sensitive to horizontal polarisation as well, as due to a combination of Rayleigh scattering and
light refraction of Snell’s Window, light underwater is more horizontally polarised than vertically
polarised.

Additionally, we found that these larvae also had positive phototaxis under exposure to el-
liptical and circular polarisations of light. However, they either had no ability to differentiate
between the two states of elliptical or circular polarisation, or they did not modify their be-
haviours between the two. This raises an interesting question about the nature of elliptical or
circular polarisation in nature. Mathematically, such polarisations of light are just a rotating
state of linear polarisations over time. There is a phase difference between the horizontal and
vertical oscillations of the electric field in elliptical and circular polarisations; however, these
‘linear’ oscillations still exist. Would an animal who can normally see linear polarisation also
see circular polarisation, or elliptical, as that is in fact the general polarisation state of light?
This would be an interesting question to investigate and one that I hope to find an answer to
in the future.

Nonetheless, this sensitivity to polarised light present in the larvae of sea urchins lead to
another interesting question. Would this sensitivity also be present in adult sea urchins? Larvae
undergo a physical metamorphosis to transition into the adult stage of their lifecycle, where
many of their structures change. Whilst, the photo reception of larvae has not been extensively
studied, the light detection capabilities of adult sea urchins are well known. Their photorecptors
are located in their tube feet, surrounded by the birefringent material calcite, which may be
cause of any potential polarisation sensitivity. They have many tube feet and, together they
form a neural network, working like a compound eye. Unlocking the mechanism behind any
polarisation sensitivity in adults, may also hint at how the larvae detect polarisation.

We tested the behaviour of three species of adult sea urchins to light and polarisation in
they were Paracentrotus lividus, Fchinus esculentus and Psammechinus miliaris.
All three species showed negative phototaxis under exposure to unpolarised halogen light, with
the general trend of increased movement away from light as it became more intense. This was the
same for when the light was polarised. Of the three, only one species showed any sensitivity to
polarisation. Psammechinus miliaris, had greater phototaxis under illumination of horizontally
polarised light compared to vertically polarised light. Unlike the larvae, which did not seem to
respond at all to vertical polarisation, this species of adult sea urchin did respond to vertical
polarised light, just to a lesser extent compared to horizontally polarised light. As they have
greater phototaxis to higher intensities, this may mean that they see horizontal polarisation as
brighter, meaning that they have more photoreceptors capable of seeing horizontal polarisation
compared to vertical polarisation.

Furthermore, there were also indications of potential circular polarisation sensitivity in the
species Paracentrotus lividus, where they had negative phototaxis for left-handed polarisations
but not for right-handed polarisations. This is particularly interesting as there are currently
very few documented cases of circular polarisation sensitivity. Further work into the exact
mechanisms of light detection in these sea urchins could potentially unlock new ways of linear and
circular polarisation detectors and pave the way into the development of novel technologies using
our discovered polarisation detection method at visible wavelengths that mimics the polarisation
sensitivity of these sea urchins. A new detector developed on this mechanism would not only
have the ability to detect polarisation directly but would also be of much smaller size with
greater ease of production in both costs and scale.
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The detection of polarisation using the biological mechanisms of animal sensitivity to polar-
isation arises due to their photodetection mechanism, using chromophores. Chromophores are
naturally dichroic, and polarisation sensitivity is due to the ordering of chromophore molecules
[121}|123]. This mechanism can be exploited to possibly create a device that can directly detect
the polarisation state of light, without the need to a separate filter, enhancing their sensitivity
and resolution. Furthermore, the optical properties of chromophores have been well documented
and studied, especially their peak wavelengths |128| 134}, 206]. A polarimetric photodetector
based on chromophores could potentially be extremely tunable to measure different wavelengths
by switching out the base chromophore.

We were especially interested in sea urchins due to the calcite in their skeletons and tube
feet [207} 208], where their photorecptors reside. Calcite interacts anisotropically with different
polarisations of light [207] since calcite has high birefringent properties [209]. Coupled to the
photoreceptors, this could potentially lead to both linear and circular polarisation sensitivity in
sea urchins, which uses both the birefringent properties of calcite and polarisation sensitivity of
aligned chromophores.

These new devices, which are based on organic compounds, would be feasible for the detection
of polarisation of higher energy photons such as X-rays and ~-rays. For those, we would require
another method capable of resisting the associated radiation damage. This brings us to
[] where we outline the work we have done to try to overcome this problem. Gold is an element
that has already seen a lot of uses with X-rays because of its stability and high contrast under
X-ray irradiation. Furthermore, aligned gold nanorods have a sensitivity to polarised light in
the visible regime. Therefore, they would make a perfect candidate for this investigation. We
wanted to test whether aligned gold nanorods also have sensitivity to X-ray polarisations. We
performed SAXS with polarised X-ways from synchrotron radiation and found that they have
anisotropic scattering of X-rays that were dependent on the polarisation direction of the X-rays
relative to their orientation. When both were parallel, the X-rays had a sharper azimuthal
distribution, scattering more perpendicularly to the nanorods, compared to the case when the
polarisation was orthogonal to the orientation of the nanorods.

Thus, we showed that the polarisation of an incident X-ray beam can be measured through
its scattering pattern off aligned gold nanorods. The differences in the scattered X-ray direc-
tions can be used in the development of a novel detector, capable of direction detection over a
wider range of high energy photons. Additionally, the use of nanomaterials would miniaturise
polarisation detection devices, which is a vast boon to utilisation in outer space where mass
and volume are a premium. Furthermore, such devices would be more cost effective, and much
easier to manufacture compared to current and proposed options.

This polarisation sensitivity of X-ray scattering in gold nanorods could lead to many ap-
plications. The primary being the progress into high energy polarimetry with applications in
astro-particle physics, probing fundamental interactions of the weak force. However, there are
several other applications of X-ray polarimetry and gold nanorods, one being in the field of
oncology. The optical features of gold nanorods and their low cytotoxicity make them an ideal
candidate for cancer therapy [408]. In radiation therapy, X-rays and 7-rays are used to kill
cancer cells in the body, but one of the main concerns is always collateral damage to health cells
around the cancer cells. Gold nanoparticles can be deposited in the cancer cells to mitigate this
due to their high contrast with high energy photons, leading to a lower needed dose of radiation
for the same effectiveness. This reduces the damage caused to the surrounding healthy cells.
This can be improved with polarised X-rays. If we can increase the effectiveness of cancer treat-
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ment with polarised X-rays, the dose can be lowered even further, reducing collateral damage
even more.

X-rays are also currently widely used in a plethora of applications ranging from biomedical
imaging, medical diagnostics and treatment to the characterisation of the structure of macro-
molecules, polymers and nanoparticles. They also play a key role in revealing the secrets of the
universe. However, one of their properties has been underutilised so far: their polarisation. Not
only can the inclusion of polarisation drastically improve image quality in PET and CT scans,
but it can also enhance tissue characterisation such as for collagen fibres, which in turn may
enable an earlier detection of cancer. Furthermore polarised X-rays can be used to study the
magnetic and electronic properties of materials. This proposal aims to develop a device that
is capable of detecting the polarisation of X-rays as well as producing them using anisotropic
scattering of polarised X-rays and gold nanorods.

As this project has already provided the proof on concept for anisotropic scattering of po-
larised X-rays off aligned AuNrs, the next step is to optimise the alignment techniques for the
gold nanorods that will be more robust under a flux of high energy photons as the current
techniques are susceptible to the heating effects of the high energy photons. Some candidate
techniques can potentially be applied to mitigate the structure deformation, such as growing gold
nanorods in metal-organic frameworks (MOFs) with prealigned structures, depositing magnetic
ferromagnetic nanoparticles (such as Fe3O4) onto the gold and aligning with a magnetic field,
slotting gold nanorods in mesoporous silica (SBA-15) for alignment, or implement an active
cooling system to stabilise the gold nanorod system.

All in all, this is the first step in an exciting movement towards the future of polarisation
based technology both in the IR-UV range with chromophores and the high energy range with
aligned AuNRs.
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