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Abstract

The research presented in this thesis aims to provide a gateway to a better

understanding of how the nanoscopic structure of a material and localised response

to radiation contributes to the overall macroscopic picture of particle-matter

interactions. This is achieved by exploiting advances in laser technologies that

enable transient absorption experiments via pump-probe methodologies across

numerous materials, using picosecond scale bursts of x-rays and protons generated

via Bremsstrahlung and Target Normal Sheath Acceleration (TNSA) respectively,

as the pump source and chirped light with an adjustable wavelength as the probe.

The role of localised and delocalised particle interactions within ordered and

disordered media is examined in various forms of SiO2. By tracking the transient

opacity the recovery time of excited electrons is found to be > 150 times greater in

nanostructured aerogel than in bulk fused silica, a magnitude of > 15 more than

expected. While the bulk response behaves as expected, the introduction of

disorder in matter demonstrates the significance of characteristic heterogeneity on

the nanoscale in material response.

Next, ultra-fast pulsed-ion radiolysis is performed in liquid water to investigate

the behaviour of radiation chemistry towards the formation of solvated electrons.

A temporal broadening at either side of the Bragg region, 10 times greater than

predicted by proton stopping data. This discrepancy can be reconciled by

considering the formation of a heterogeneous density distribution of H2O molecules

through the formation of nanocavities, post irradiation.

A two colour chirped optical probe pulse is generated using non-linear crystal

media to simultaneously to track the formation of hydroxyl radicals simultaneously

with the formation of solvated electrons. These radiolytic species are observed

across 100 ps and 1.2 ns respectively, marking the first ever recording of their

evolution in pristine water samples in real time due to proton irradiation.
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Overall this thesis reports the methodologies developed and results obtained that

demonstrates the interrogation and understanding of some of the ultra-fast

processes that take place during the proton irradiation of matter, and how the

medium’s nanoscopic structure contributes to interactions of this form of ionising

radiation.
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Chapter 1

Introduction

The aim of this thesis is to demonstrate how certain advancements in laser

technology, such as the ability to obtain ultra-short pulses, chirped pulse

amplification and laser-particle acceleration processes, can be exploited to

investigate and comprehend particle interactions with matter. Acquiring access to

further enhance this knowledge could advance countless research fields such as

material science, radiation chemistry and nuclear medicine.

A laser system’s capacity to provide two, highly synchronised pulses in the form

of pump and probe sources is invaluable when obtaining information about ultra-

fast phenomena. This technique has been used across many fields of science from

imaging nanoscopic structures such as singular nanoparticles and single layers of

graphene [1, 2], to identifying colour pigments in pieces of historical artwork [3, 4].

One common limitation in previous pump-probe experiments is the inability to

produce results with a wide enough temporal window to allow for the examination

of the evolution of ultra-fast dynamics on a single shot basis. Thanks to the recent

development of chirped pulse amplification [5] laser systems are now able to provide

an expanded probe pulse with a frequency that changes with time, in synchronicity

with the main pulse. This provides the means required to observe and study the

onset and evolution of transient absorption dynamics in real time when ionising

3



1.1. PULSED RADIATION INTERACTIONS WITH MATTER 4

radiation interacts matter.

Laser particle accelerators provide another crucial element in the work discussed

in the experimental chapters of this thesis. Rather than directly drive ionisation in

the medium under investigation, the pump laser is used to generate ionising species

which become the direct source of irradiation. More about the importance of these

sources of laser-accelerated particle pulses will be discussed in the following section.

1.1 Pulsed Radiation Interactions with Matter

The main motivation behind the work presented in this thesis is to expand upon

the limits in our understanding of ultra-fast transient absorption dynamics

occurring in irradiated materials, and how nanoscopic structure plays a role in how

ionising radiation interacts with matter during and after irradiation. Well known

principles taken from established scientific studies, with countless evidence

verifying their reliability, don’t always hold true for every combination of physical

parameters. Relying on the standard practice of scaling equations and physical

laws has the potential to blindside us to unknown and persistent processes that are

highly sensitive to nanoscopic heterogeneity. Gaining a more comprehensive

appreciation for how materials respond to radiation, specifically the resultant

radiation chemistry and permanent damage caused by the passage of ionising

species, would mark an advancement in describing and understanding how energy

is deposited and transported on the nanoscale in irradiated matter.

Unlocking this investigative pathway has only been attainable because of the

unique capabilities of laser-driven accelerators in providing ultra-fast pulses of

both x-rays and protons from a single source. Both of these particles have

fundamentally different behaviours when interacting with matter. Exploiting these

behaviours allows us to interrogate both ‘local’ and ‘non-local’ processes in

irradiated systems. These are processes that take place across nanometer and 10s
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of nanometer ranges respectively. The purpose of this thesis is to report how

heterogeneity influences material dynamics by tuning nanoscopic structures of

matter and probing them with different forms of ionising radiation. This will help

establish a hard limit where inhomogeneous approximations break down furthering

our understanding of how nanoscopic processes contribute to macroscopic

phenomena.

1.2 Outline of Thesis

This section will provide the reader with a brief outline of each of the coming

chapters. The majority of the results presented were obtained using the same core

experimental technique, though adaptations were required for different laser

facilities, sample materials and objectives of the overall experiment. Any relevant

papers that required contributions from the author of this thesis will also be

mentioned where applicable.

Chapter 2 - High Power Laser Interactions with Matter

This chapter provides an introduction to the physics required for understanding

the fundamental processes that are responsible for the observations in the

subsequent thesis. Outlines for the following topics are given; specific advances in

short pulse laser technology, laser-plasma absorption processes, laser-driven ion

acceleration mechanisms with emphasis placed on Target Normal Sheath

Acceleration, as well as x-ray and proton interactions with matter.

Chapter 3 - Methodologies

In this chapter the experimental procedures used to procure the scientific results

presented in later chapters is described in detail. While the core experimental
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procedure remained the same, substantial additions were made to obtain the

results reported in Chapter 6. A frequency conversion point along the optical

probe chain was required for that section of experimental work. All changes are

reported in detail in this chapter.

Chapter 4 - Ultrafast Response of SiO2 to Ionisation

The first example of how these methodologies can be harnessed to access never

seen before nanoscopic material response to ionising radiation are reported in this

chapter. Samples of fused silica and silica aerogel are irradiated and compared due to

their differing material structuring across nanometer scale lengths. The results are

discussed and theories are put forward that contribute to the overall understanding

for a delay in the expected ultra-fast recovery of aerogels.

Related work in preparation;

• B. Dromey, M. Coughlan, J. Smyth, N. Breslin, H. Donnelly, C. Arthur, M.

Afshari, B. Villagomez, O. Rosmej, V. P. Efremov, F. Currell, L. Stella, D.

Riley, M. Zepf, M. Yeung, C. L. S. Lewis, The role of nanostructure in the

ultrafast response of material to ionisation, 2021.

Chapter 5 - Instantaneous Response of Liquid H2O to Incident Radiation

In this chapter we present the very first observation of an uncharacteristic

temporal broadening of energy deposition at the Bragg Peak along the proton

track in ultra-pure water. This is done by observing the transient absorption of

our optical probe pulse by proton induced solvated electrons. This chapter

demonstrates the versatility of the experimental procedure and how it can be

applied to varying states of matter.

Related work in preparation;
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• M. Coughlan, N. Breslin, M. Yeung, C. Arthur, H. Donnelly, S. White, R.

Yang, M. Speicher, J. Schreiber, and B. Dromey, Spatiotemporal observations

of proton radiolysis in water, 2021.

• A. Praßelsperger, M. Coughlan, N. Breslin, M. Yeung, C. Arthur, H.

Donnelly, S. White, M. Speicher, R. Yang, B. Villagomez-Bernabe, F. J.

Currell, J. Schreiber, and B. Dromey, Experimental and Computational

Investigation of the Ultra-fast Energy Dissipation Processes of Laser

Accelerated Proton Pulses in Liquid Water, 2021

Chapter 6 - Multi-coloured Probing of Water Radiolysis

This chapter reports the simultaneous measurements of multiple radiolytic products

in real time with picosecond resolution. This is achieved by frequency conversion

to provide a two colour probe source that can inspect the formation of multiple

by-products of water radiolysis. It also includes a discussion about the limitations

of the experimental procedure and how these could potentially be overcome in the

future.

Related work in preparation;

• N. Breslin, M. Coughlan, M. Yeung, C. Arthur, H. Donnelly, S. White, R.

Yang, M. Speicher, J. Schreiber, and B. Dromey, Real Time Observation of

Production of Radiolyic Species in Water: Induced by Picosecond Pulses of

Radiation, 2021.

Chapter 7 - Conclusions

This chapter highlights and reiterates the significance of the work presented

throughout this thesis by summarising all key findings.
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1.3 Role of the Author

The vast majority of the work presented in this thesis was obtained through the

execution of experimental work. All of this experimental work and analysis was

conducted under the supervision of Professor Brendan Dromey of Queen’s University

Belfast.

The results contained within this thesis were obtained by the author during

experiments carried out using the TARANIS laser facility at Queen’s University

Belfast and the Astra-Gemini laser facility at the Central Laser Facility. During all

of these experiments the author played a key role as a member of the experimental

team with responsibilities that included implementing the experimental set-up,

alignment and optimisation of optical and diagnostic components, sample

preparation, accumulating and assembling essential frequency conversion

apparatus, target alignment and other general experimental duties.

Developing a clear physical picture for these novel results has meant integrating

into a multifaceted collaboration. This is primarily because very little consideration

has been give to date on the role of nanoscopic heterogeneity for ionising radiation

interactions in extended volumes of matter, and the use of multiple wavelengths to

interrogate the resulting dynamics of different chemical species represents a novel

advance for ultrafast proton interactions in matter.

Analysis of the varying recovery times in irradiated samples of silica aerogels was

performed by Prof. B. Dromey with contributions from the author. Data

presented and contained within Figure 4.3 was provided by B.

Villagomez-Bernabe. The computation script used to perform essential analysis for

Chapter 5 was provided by M. Coughlan, and the data shown in Figure 5.5 has

been provided by P. de Vera. All analysis throughout the reported experimental

chapters have been conducted by the author under the supervision of their primary

supervisor, Prof. B. Dromey.



Chapter 2

High Power Laser Interactions

with Matter

This chapter will explore all the essential laser developments and technological

advances required to complete the research presented in this thesis. It will also

cover the science behind all relevant radiation interactions in matter that play an

essential part in understanding the investigations carried out for the presentation

of this thesis.

2.1 Short Pulse Laser Technology

High intensity lasers with short pulse duration’s have been under development since

the first laser was developed almost 60 years ago. Several institutions across the

world are currently able to produce laser intensities greater than 1021 Wcm−2, while

the shortest pulse ever created to date was only 43 attoseconds (10−18s) [6]. These

results would be unobtainable without the development of different technologies and

procedures such as Chirped Pulse Amplification, which enable laser facilities to act

as primary sources of secondary pulses. These pulses can be composed of a variety of

particles, including electrons, protons and even heavier ions. Other beam qualities

9
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which make lasers attractive for different applications include low emittance [7], high

energy densities and high brightness [8].

2.1.1 Chirped Pulse Amplification

The idea behind chirped pulse amplification (CPA) is to increase the energy of a

short laser pulse in a way that avoids the generation of potentially damaging high

peak powers during the amplification process [5]. The process begins by having an

ultra-short pulse mode-locked laser, or oscillator, generate ultra-short light pulses

(10−12− 10−14 s) with low energy. These pulses travel to a pulse stretcher where

it is chirped using a dispersive delay line occasionally consisting of a diffraction

grating arrangement. Pulses are commonly stretched by 10s of orders of magnitude

in duration and have their peak power reduced by ∼ 70%. The newly stretched pulse

then passes along an amplification chain. By initially extending the pulse in time,

energy from the gain medium can be taken much more efficiently while preventing

damage to the amplifier. Typically a pulse will pass through the amplification

medium up to 50 times. After this stage the pulse makes its way to a second grating

pair for re-compression, where it’s duration is returned to near the original pulse

duration. The intensity of the resultant short, amplified pulse would exceed the

damage threshold of the amplification materials. All stages of CPA are demonstrated

graphically in Figure 2.1. The utilisation of a chirped optical probe pulse is essential

for the application of the optical streaking technique later discussed in Chapter 3.

2.1.2 Laser-plasma Absorption Processes

A plasma is a system containing a large number of ions and free electrons coupled

together by a mutual electromagnetic interaction. The overall system has a quasi-

neutral electrical charge and displays a collective behaviour due to positive and

negative charges being forced to move in unison under large electrostatic forces that

prevent a net charge separation.
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Figure 2.1: Diagram showing the process of chirped pulse amplification.

Understanding absorption processes between laser-solid interactions is essential

in underpinning those that are directly related to the generation of proton bursts.

This section will outline the relevant processes that are responsible for transferring

energy from a short pulsed laser to a plasma with inhomogeneous density. It is

important to note that current peak laser intensities are not yet strong enough to

directly interact with the ions of a plasma, resulting in free electrons taking part

in the absorption of the laser field. This results in the generation of many highly

energetic electrons. The mechanisms responsible for fast electron generation will

follow later in this chapter.

Inverse Bremsstrahlung Absorption

Upon interaction between the two, free electrons within the plasma oscillate at the

same frequency of the laser light. The laser field can go on further to penetrate the

plasma to a point where the local plasma frequency is equal to the laser frequency.

As the light wave travels further into the plasma it is exponentially damped beyond

the critical density. Before reaching the critical density however, the laser light must

first pass through regions of increasing plasma density. Here, the collisions between
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electrons and ions become recurrent enough to affect the propagation of the light

wave. During this propagation the coherent motion of electrons oscillating in the

laser field is converted into thermal motion by collisions with ions.

This absorption mechanism is called Inverse Bremsstrahlung or collisional

absorption, and represents one of the most efficient ways of coupling laser pulse

energy to the bulk of a plasma [9]. The fractional absorption due to inverse

Bremsstrahlung increases dramatically as the density of the plasma approaches the

critical mass density. For a given density profile, the maximum absorption

coefficient scales as a function of Zλ−2T−3/2
e , where Z is the atomic number of the

target material, λ is the wavelength of the laser light and Te is the electron

temperature [10]. This implies that having a shorter laser wavelength would

increase collisional absorption efficiency while a target material with low Z, and

high electron temperatures would be detrimental to this absorption process.

Resonance Absorption

When laser light is p-polarised and incident on a plasma with a steep plasma

density gradient at an angle of non-normal incidence, its E-field can resonantly

drive an electron plasma wave where the local plasma frequency is equal to the

laser frequency [11–14]. The tangential component of the p-polarised laser lights

electric field can propagate into the plasma to the critical surface and excite

electron oscillations. Over multiple laser oscillations the electron oscillations grow

resonantly, driving an electron plasma wave. Energy is transferred from the

electron wave to surrounding ions via dampening. The resonance absorption of a

laser field in a plasma system is greater than the inverse Bremsstrahlung

absorption for higher plasma temperatures and longer laser wavelengths. Lasers

with intensities greater than 1015 Wcm−2 µm2, p-polarisation, and an appropriate

incident angle can produce up to 50% absorption by resonance absorption. While

inverse Bremsstrahlung absorption heats all surrounding electrons as the result of

energy transfer, resonance absorption only heats a minority, resulting in the
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creation of hot electrons.

Relativistic ~j×~B Heating

The pondermotive force of a linearly polarised laser pulse consists of an oscillating

component that is driven by a strong electrostatic field. The ~j×~B heating process

consists of electrons within a plasma being directly accelerated in the field of a

laser. Here electron motion is dominated by the ~v×~B term of the Lorentz force,
~F = q

[
~E +~v× ~B

]
[15]. This laser-plasma absorption process is most effective at

normal incidence between a linearly polarised light wave and the plasma surface, and

only works at relativistic laser intensities, where the normalised vector amplitude

a0 => 1.

2.2 Laser-driven Particle Acceleration

In the present day, attainable laser intensities are not great enough to be capable of

directly accelerating the ions of a plasma, meaning laser-ion acceleration mechanisms

depend on the electrons of the plasma to absorb the energy of the laser before ion

acceleration can be achieved. In this section the solitary process utilised for this

body of work, Target Normal Sheath Acceleration or TNSA for short, is discussed.

A brief description of other well developed laser-ion acceleration methods in today’s

plasma physics communities are also mentioned, though they were not used for this

work.

2.2.1 Target Normal Sheath Acceleration (TNSA)

Upon impact with a high energy, ultra-fast laser field, materials undergo instant

ionisation. This is what happens when the laser pre-pulse reaches a thin metallic

target foil of thickness d < 50 µm. This prepares the target surface for the laser-
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Figure 2.2: Schematic diagram demonstrating proton acceleration via target
normal sheath acceleration.

plasma absorption processes previously discussed in Section 2.1.2. The incident laser

pulse transfers it’s energy to the electrons of the plasma that are present at the front

surface of the target resulting in the formation of hot electrons. These electrons are

accelerated to relativistic energies and pass from the ionised front surface to the

colder, rear surface of the target. During their propagation through the target

itself, the hot electrons generate a charge separation between themselves and the

ions of the plasma, in turn creating a strong electric or ‘sheath’ field normal to the

target surface. Due to their mass/charge ratio, hydrogen atoms from a hydrocarbon

contaminant layer found on either or both surfaces of the target foil are the most

effectively accelerated species by the electric fields produced. This results in ions

being accelerated over a length equal to a few microns normal to the rear surface of

the target and can possesses tens of MeV of energy depending on the intensity pulse

length of the laser used [16].

Protons that are emitted normal to the target surface will undoubtedly posses a

degree of energy dependent divergence (Figure 2.3). Protons with maximum
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Figure 2.3: Schematic diagram demonstrating energy dependent proton beam
divergence.

energy (Emax) will display the lowest degree of divergence and originate from a

small region on the back surface of the target foil which corresponds to the peak

sheath field. As well as having strongly divergent properties, proton bunches

produced via TNSA typically have > 1012 protons per pulse, 10s of fs-ps duration,

and have a broad bandwidth with an Emax value that typically scales with a factor

of the laser irradiance, (ILλ 2)0.5. [17–21].

The are many reports of strategies and optimisation techniques to better control

ion bunches produced via TNSA [22–27], however the characteristics of the proton

bunches produced during the experiments reported in this thesis are more than

adequate for our investigations. Further discussion of the TNSA mechanism is

beyond the scope of this work. While other ion-acceleration mechanisms are well

established and effective, they were not used during the experiments presented

here, however, a brief outline will be provided in the next subsections for

completeness.
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2.2.2 Break-out Afterburner (BOA)

Under different parameters, different ion-acceleration mechanisms can be exploited.

One of of these well established regimes is the break-out afterburner [28]. This

process occurs when linearly polarised laser light is normally incident on a target

with a thickness comparable to the plasma skin depth. It begins, not unlike TNSA,

with the rapid ionisation of the target, resulting in the generation of hot electrons

and their propagation through the target, forming a sheath on the opposing side.

The target is volumetrically heated until the majority of electrons in the target

are converted into hot electrons. During the time that the target is classically

overdense, yet relativistically transparent to the laser light, there is a period of

rapid ion acceleration where the electron energy is continuously re-fueled by the

laser. As the electron supply is depleted causing the plasma to expand, the target

turns classically underdense and ion-acceleration is halted.

2.2.3 Radiation Pressure Acceleration (RPA)

This ion-acceleration regime has one significant difference from TNSA, and that is

normal incidence of circularly polarised laser light rather than conventional

linearly polarised laser light. Again, the laser light rapidly ionises the front surface

of the target, but because the incident laser beam is circularly polarised, rather

than generate hot electrons via the oscillating component of the pondermotive

force, the circularly polarised beam with a slowly varying pondermotive force

compresses and pushes the electrons in the target away from the front surface and

towards the rear surface. This leaves the plasma surface with a distinct depletion

of electrons and therefore a strong electrostatic charge separation between opposite

sides of the target. The electrons within the compressed region of the target

eventually reach the targets end and are accelerated as a single plasma slab with a

quasi-monoenergetic spectrum. In theory a similar effect could be obtained using

linearly polarised light with an intensity > 1023 Wcm−2 [29].
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2.2.4 Bremsstrahlung X-rays

Protons aren’t the only species capable of ionisation that are observed throughout

the experiments reported in this thesis. Before the arrival of the MeV protons we

observe a prompt material response which is caused by the arrival of x-ray photons.

These x-rays are generated as hot electrons pass through our aluminium target [30].

As the electrons propagate they come in close contact with the nuclei of Al

atoms within the target due to their positive charge. Any electron on this path is

influenced by an electric field and is deflected, loosing a portion of its kinetic

energy and emitting an x-ray photon to conserve kinetic energy. The spectrum of

Bremsstrahlung radiation ranges up to the maximum kinetic energy of the incident

electron beam, or in this case the maximum energy carried by hot electrons, and

peaks at approximately one third of this energy. The intensity of Bremsstrahlung

radiation is proportional to Z2n/me, where, Z is the atomic number of the target,

and n is the number density of unit charges of hot electrons propagating though

the target.

For some applications the transfer of the hot electron energy into Bremsstrahlung

x-rays is considered a set back of laser-ion acceleration via Target Normal Sheath

Acceleration and so lower Z materials are often used for the thin metallic target.

For our application however, the production of x-rays is desirable as they provide

an insight into contrasting particle interactions compared to protons. More of this

will be discussed later in Chapters 4 and 5.

2.3 Particle Interactions with Matter

The mechanisms at play that are responsible for the generation of ionising species

during these investigations have already been outlined and discussed in the

previous section. How these particles transfer their energy to a foreign system will
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be considered in this next section. Here we are going to take a specific look at how

proton and x-rays deposit their energy in matter. Understanding these processes is

crucial for understanding the underlying principles at play when particles ionise

different materials.

2.3.1 X-rays Interaction Mechanisms

X-ray photons possess no charge or mass and travel with a velocity equal to the

speed of light, c. These particles often experience catastrophic energy losses where

they transfer most, if not all, of their energy to an electron when they come into

close contact with one while propagating through a material.

Figure 2.4: Schematic illustration of the dominant x-ray energy loss mechanisms,
a) the Photoelectric Effect, and b) Compton Scattering.

Photoelectric absorption takes place when an incident photon, in this case an

x-ray, displaces an electron from the inner shell of an atom and is dominant for

photon energies < 100 keV. Once they have been emitted, these electrons are

classified as photoelectrons. For the atom to stabilise itself a more outer shell

electron drops down and takes the place of the inner shell electron, emitting a

characteristic photon of lesser energy in the process (fluorescence). The incident
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photon is absorbed entirely by the atom meaning that the photoelectric effect can

make a substantial contribution towards the attenuation of an x-ray passing

through matter. For photoelectric absorption to occur, incident electrons must

have an energy that is greater than the binding energy of the inner shell electron

which should reside in either the K or L shell of the atom. Any remaining energy

transferred to the electron from the incident photon that exceeds its binding

energy is used as kinetic energy, which is deposited in the vicinity (∼nm) of the

initial interaction region. The probability of this energy loss mechanism taking

place is dependent on the atomic number and density of the sample under

investigation as well as the energy of the incident bremsstrahlung x-rays.

Compton Scattering is the main contributor to scattered radiation in materials

and is dominant between energies of 100 keV and 10 MeV. It involves the interaction

between an incident photon and a free or loosely bound, valence shell electron. The

photon imparts a portion of its energy to the electron and is scattered in a different

direction with reduced energy. This makes the Compton effect a partial absorption

process. The probability of Compton scattering occurring is dependent on the outter

shell electron density, the overall physical density of the sample material and the

incident x-ray energy. Both Compton and Photoelectric effects are presented visually

in Figure 2.4

Both of these processes contribute to the attenuation of x-rays [31]. When dealing

with a monoenergetic photon pulse the number of photons removed from the initial

beam is dependent upon the number of incident photons (N) and the thickness of

the material they are propagating through (dx) so that dN =−µdx where µ is the

linear attenuation coefficient. This value equates to the probability (p) per unit

distance (x) for a photon of given energy to interact with a medium while passing

through it, µ = d p/dx. The x-ray interaction mechanisms mentioned above make

their own contribution to µ by making up the total cross section for an interaction

by a photon (σtot), for a given material as can be seen in Equation 2.1;
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σtot = σpe +σcomp (2.1)

where σpe and σcomp are the attenuation effects due to photoelectric absorption

and Compton scattering respectfully. There are other interaction mechanisms at

play but in our context their effects are negligible and can therefore be ignored. The

value of µ can also be found using a variation of the attenuation law;

µ

ρ
=

1
x

ln

(
I0

I

)
(2.2)

where I0 is the incident intensity of the photon beam, I is the intensity of the

emergent beam, and x is the mass thickness of the surrounding material (x = ρt,

where t and ρ the sample thickness and density respectively). Values for x, I and

I0 may be obtained experimentally. There does exist however, many comprehensive

lists of the theoretical values for σpe [32] and σcomp [33] that can be used with

Equation 2.3 to obtain the mass attenuation coefficient as a function of x-ray energy;

µ

ρ
=

σtot

uA
(2.3)

where u is the atomic mass unit (1.6605×10−24 g) and A is the relative atomic

mass of the sample. Provided the density of the sample material is known, the

maximum x-ray penetration depth as a function of initial energy can be found

from the reciprocal of the mass attenuation efficient. Both the values for µ/ρ and

x-ray depth have been calculated and plotted in Figure 2.5 for propagation

through samples of liquid water and borosilicate glass (BK7). The BK7 used for

this calculation is 91.7% silicon dioxide with a density of ρ = 2.23 gcm−3.
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Figure 2.5: Figure of the energy dependence of x-ray attenuation in samples of
water and SiO2 (red) as well as the maximum penetration depth as a function of
x-ray energy for samples of water and SiO2 (green).

2.3.2 Proton Interaction Mechanisms

Quite unlike the x-rays that were discussed in the previous section, protons have

a characteristic mass (1.67×10−27 kg) and charge (1.6×10−19 C), meaning they

interact very differently with matter. Rather than the low linear energy transfer,

high momentum transfer, and generation of high energy secondary electrons that x-

rays are responsible for; protons exhibit a high linear energy transfer, low momentum

transfer, and generate low energy secondary electrons.

As proton and heavier charged particles pass through a material, they decelerate
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faster than x-ray photons. Furthermore, as the photons decelerate their rate of

energy loss rapidly increases. The region of the highest dose deposition occurs

towards the end of the protons range and is known as the Bragg Peak. This average

energy loss per unit length, or Linear Energy Transfer (LET) as it’s commonly

known, can be calculated using the Bethe-Bloch formula give by Equation 2.5 from

[34].

S(E) =−dE
dx

(2.4)

〈dE
dx

〉
= Kz2

ρ
Z
A

1
β 2

[
1
2

ln
2mec2β 2γ2Tmax

I2 −β
2− δ (βγ)

2
−C

Z

]
(2.5)

where K = 4πNAr2
emec2 = 0.307 MeVcm2 g−1, ρ,Z and A are the density, atomic

number and atomic mass of the material respectively, β = v/c where v is the velocity

of the incident particle, me is the electron mass, m is the mass of the incident particle,

γ is the Lorentz factor, δ (βγ) is the density effect correction, C is the shell correction,

NA is Avogadro’s number re is the classical electron radius, I is the mean excitation

potential and Tmax is the maximum energy that can be transferred to a free electron

in one collision and is expressed by the following equation;

Tmax =
2mec2β 2γ2

1+2me
m

√
1+β 2γ2 +

m2
e

m2

(2.6)

There are multiple correction factors presented in Equation 2.5 have been added

to the original Bethe formula over several decades [35, 36]. One of these take into

consideration the velocity of atomic electrons within the absorber material and is

better known as the shell correction [37]. This factor becomes important when

the proton velocity isn’t large when compared to that of the atomic electrons (∼

2200 kms−1). Another correction is a result of Bloch’s studies into the similarities

and differences between classical and quantum mechanical range-energy calculations
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[38] which takes into consideration scattering processes as described by the first order

Born approximation [39, 40]. The density effect correction becomes relevant for

protons of high energy with an extended electric field. This results in a ionisations

along the proton track, shielding electrons that are far enough away so they no

longer contribute to particle stopping [41]. All of these corrections in conjunction

with Bethe’s original formula are used for PSTAR calculations in proton stopping in

matter. The boundary between low and high energy protons is defined as 0.5 MeV by

PSTAR. Considering lower energy protons are stopped before reaching the target

sample in the experiments expressed in this thesis (discussed later), our TNSA

generated proton beam can be defined as high energy. Protons stopping in water

and silicon dioxide are shown later in Figure 2.7 for proton energies above this

threshold.

The remainder of this section will discuss the predominant interactions by which

a beam of protons deposit their energy in matter along with the reciprocal effect of

these interactions on the protons trajectory. These interactions are shown in Figure

2.6.

Figure 2.6: Schematic diagram of the predominant interaction mechanisms that
contribute to proton stopping in matter.: a) inelastic Coulombic interaction, b)
Coulomb elastic scattering and c) non-elastic nuclear interactions.

Inelastic Coulombic interactions (Figure 2.6a) are the most common form

of energy transfer for a beam of protons upon entry into a material. The beam of

protons interact with outer shell electrons causing excitation’s and ionisation’s. Any
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secondary particles formed as a result of this tend to deposit their energy no further

than 1 mm away from the original proton track, meaning that all energy deposition,

as a result of inelastic Coulomb interactions, is localised. Due to their mass being

1836 times greater than the electrons present in the outer shell, the original path of

the proton beam propagating through the sample material is almost a straight line.

Coulomb elastic scattering (Figure 2.6b) occurs when an incident proton pass

within close proximity of an atomic nucleus. The proton experiences a repulsive,

elastic force which, due to the much larger mass of the nucleus, deflects the proton

from it’s original trajectory.

Non-elastic nuclear reactions (Figure 2.6c) are also responsible for energy

transfer of protons and other charged particles in matter. This occurs when one

of the projectile protons enters the nucleus of an absorber atom. As a result the

nucleus can emit a proton, one or more neutrons, a deuteron, a triton or an even

heavier ion. However, within the energy spectrum of TNSA generated protons this

transfer mechanism becomes negligible.

2.3.3 Proton Range and Straggling

It is possible to approximate the range for a given charged particle. There are two

variables that determine a particle’s range, the particle itself (i.e. charge, mass,

energy etc.) and the material it is travelling through. It is difficult to acquire a

simple yet still entirely accurate representation of a particle’s range due to the

numerous energy loss mechanisms at play which were described in the previous

section. The continuous-slowing down approximation (CSDA) [42, 43] is a close

approximation to the average path length of a charged particle travelling through

a medium until it comes to rest. It assumes that the particle’s energy loss is

continuous, ignoring any uncertainties that arise from the combination of

interactions mechanisms present. This method of calculating range (R(E)) is

executed by taking the integral of the reciprocal of Equation 2.4 with respect to
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energy as shown in Equation 2.7;

R(E) =
∫ E0

0

dx
dE

dE =
∫ E0

0

dE
S(E)

(2.7)

where E0 is the the energy of the charged particle upon entering the material. This

approximation assumes that the rate of energy loss at every point along the particles

track is equal to the total stopping power. Towards the end of the charged particle’s

track, after it has deposited the majority of its energy at the Bragg Peak, a distal

fall off is caused by varying path lengths of the articles, better known as range

straggling. A graphical representation of proton stopping power and range as a

function of energy traversing through SiO2 and H2O are shown in Figure 2.7.

Combining decades of extensive research and knowledge alongside the

methodologies presented in the next chapter allows us to further investigate real

time onset and evolution of radiation damage in matter.
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Figure 2.7: Stopping powers and range calculations (using the continuous
slowing down approximation) for protons propagating through SiO2 and H2O. These
values were obtained using the National Institute of Standards and Technology
(NIST) PSTAR database [44]. The energy limits are representative of experimental
relevance.



Chapter 3

Methodologies

This section provides a comprehensive outline of the experimental technique used

for the observation of ultra-fast dynamics in materials discussed in this thesis. The

TARANIS laser system (1053 nm, 800 fs, 10 J), where the bulk of the

measurements in this thesis were made, will be discussed in detail along with the

techniques developed to obtain the results discussed in later chapters. Adaptations

made to the procedure will also be introduced when discussing Astra-Gemini

(800 nm, 40 fs, 15 J), a high power laser at the Central Laser Facility also used to

obtain some of the results discussed in this thesis. Two separate systems with

varying parameters were selected for the following studies to allow different laser

parameters to be assessed.

At the core of the experimental methodology used in this thesis is the ultrafast

performance of laser technology, and harnessing it to reveal ionisation dynamics in

matter in the immediate aftermath of irradiation by protons.

27
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3.1 The TARANIS Laser Facility

The primary laser source employed for conducting the following experimental

procedures was the TARANIS (Terawatt Apparatus for Relativistic and Nonlinear

Interdisciplinary Science) laser system in the Centre for Plasma Physics at Queen’s

University Belfast. TARANIS is a hybrid Ti:Sapphire-Nd:glass laser operating in

the CPA mode (see Section 2). TARANIS can deliver its main, high-energy laser

pulse in synchronicity with an optical probe pulse with lower energy, a wavelength

of 1053 nm, and an intensity up to 1019 Wcm−2. Since its installation in 2006,

TARANIS has been used to investigate many aspects of laser-plasma physics from

x-ray laser studies [45, 46] to laser-driven particle acceleration [47–49].

The front end of the TARANIS laser system consists of a Ti:Sapphire oscillator,

followed by a double-pass stretcher, a Ti:Sapphire regenerative amplifier (RA), a

three stage Nd:Glass amplification chain and two double-pass grating compressors.

As well as generating a high energy pulse with short duration these components

are responsible for providing our laser pulse with chirp, a key component to our

optical streaking method that is discussed later in Section 3.1.2. They are shown

schematically in Figure 3.1.

The front end is provided by a commercial Mira oscillator which generates a chain

of 120 fs, 1053 nm, 400 mW pulses with a repetition rate of 76 MHz. The pulse

then passes through a double-pass stretcher (1740 lines/mm grating, f = 1524 mm

spherical mirror) with a stretching factor of ∼ 104 to produce a nanosecond long (ns)

chirped pulse. Pre-amplification takes place in a Ti:Sapphire regenerative amplifier

(RA), pumped by a commercial Q-switched Nd:YLF laser operating at λ = 527nm

and delivering ∼ 0.6mJ pulses at a maximum frequency rate of 500 Hz. The laser

pulse propagates along a 3-stage Nd:Glass amplification chain consisting of dual sets

of rods with increasing diameter (9 mm, 25 mm, 50 mm) and amplifies the pulse into

the terawatt region. Before the third stage the laser pulse is split into two parts,

allowing them to be amplified separately. For this reason, unlike the 9 mm and
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Figure 3.1: Schematic of optical set-up of the TARANIS laser system not to
scale. The Coherent Mira oscillator, pumped by a Verdi 18 laser, sends a train of
pulses (120 fs, 1053 nm, 400 mW) to the pulse stretcher. After being stretched the
pulses (∼ 0.6 mJ, ∼ 300 mW) travel to the regenerative amplifier (RA) pumped by
a Evolution 30 laser, to begin the amplification process. From the RA the pulses
traverse to a chain of amplifying rods labelled 1 (d = 9 mm, l = 15 cm where d
is the diameter for the rod and l is the length), 2 (d = 25 mm, l = 30 cm) and 3
(d = 50 mm, l = 30 cm). Before reaching the third set of amplifiers the beam is
split into Leg 1 and Leg 2, both are further amplified and compressed separately. A
portion of the pulse is extracted before beam splitting, making up the probe pulse.
This pulse can pass through or optically bypass a tuneable compressor resulting in
a duration between 400 fs and 1.2 ns. For frequency conversion experiments Leg 1
is used as the fundamental probe pulse.
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25 mm rods, there are two sets of 50 mm amplifiers, producing two separate pulses,

each with an energy of 20 J at a repetition rate of 1 shot every 10 minutes in the

full power mode. The two pulses from the amplification chain can be separately re-

compressed in two double-pass grating compressors. A minimum pulse duration of

470 fs can be obtained when a programmable acousto-optic modulator (Dazzler) is

added to the laser chain for the correction of high order phase distortions. Tailoring

and relay-imaging throughout the amplification process ensures that the laser beam

preserves a near-uniform top-hat spatial profile. One of the pulses may be extracted

after the 25 mm amplification rods for compression into a separate optical probe

pulse for optical probing experimental applications. If the probe pulse is required to

have a higher energy density i.e. for the frequency conversion experiments outlined

later in this chapter, Leg 1 can be used directly by extracting the pulse after the

50 mm amplifiers. This set-up is further clarified in Figure 3.1.

3.1.1 Experimental Procedure

Both pump and probe pulses, emanating from the same oscillator, are temporally

synchronised inside the target area. The main beam is focused by striking a f/3

off-axis parabola (OAP) at an angle of ∼30◦, producing a full width at half

maximum (FWHM) focal spot size of ∼5 µm. The focused beam is incident on

12 µm thick aluminium foil targets, producing energetic proton bursts with

ultrashort durations via TNSA with a broadband energy spectrum and a

maximum cut-off energy of 10± 0.5MeV. The energy spectrum was determined

using stacks of gafchromic HD-V2 high-dose dosimetry film [50]. The protons

traverse a known distance from the back surface of the target foil to the sample

under investigation. For solid, transparent dielectrics such as borosilicate glass

(BK7) and aerogel, the proton bursts must travel ∼8 mm under vacuum to reach

the sample holder. When water is the sample of interest the protons must travel

∼5 mm under vacuum to reach the entrance of the watercell, a scale drawing of

which is provided in Figure 3.3. The cell is designed to hold 1 cm3 liquid samples
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under vacuum and is constructed from polyether ether ketone (PEEK), a

semi-crystalline thermoplastic with very high chemical and mechanical resistance

properties. The cell has a 5 mm circular entry point on its target facing side. This

region has a thinner PEEK wall of 200 µm to provide easier entry for traversing

protons here referred to as the proton entrance window. The chirped optical probe

passes through the cell via two 1 cm diameter, fused-silica windows orthogonal to

Figure 3.2: Schematic diagram of the fundamental experimental set-up (not to
scale). Protons are generated via TNSA and propagate a known distance through
vacuum before passing through a collimating slit and reaching the front surface of
the sample. Simultaneously, the chirped probe pulse traverses along a translational
delay stage before back-illuminating the sample. The newly frequency encoded
optical probe is magnified and relay imaged outside of the vacuum chamber, carried
to a spectrometer for decoding and the interaction is captured using a CCD camera
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the direction of travel of the protons such that the probing is performed in the

transverse direction. Any residual low energy electrons co-propagating with the

TNSA pulse are stopped in the proton entrance window while any off axis

contributions are attenuated using a 500 µm collimating slit placed before the

entrance window.

Figure 3.3: Scaled drawing of the water cell.

3.1.2 Optical Streaking

While the pump pulse undergoes further the stages of amplification, the optical

probe pulse passes through its own dedicated compressor. Its duration can be altered

by increasing the group delay dispersion of the pulse, which is done by changing

the grating separation (∆L) inside the compressor. At position ∆L = 0 we obtain

our transform limited (TL) pulse of 470 fs duration. Increasing ∆L from the TL

pulse duration increases the group delay dispersion (GDD) and provides larger pulse

duration’s. The GDD, also known as second-order dispersion, can be expressed by

Equation 3.1 from [51]
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d2φ

dω2 =
∆Lλ 3

2πc2d

[
1−
(λ

d
− sinθi

)2
]−3/2

(3.1)

where λ is the central wavelength of our probe laser pulse, d is the groove spacing

of our grating and θi is the angle of incidence on the first grating. If we assume

no higher orders of dispersion, a diffraction order of m = −1 and know our TL

pulse duration, τ0, we can calculate our new ∆L dependent pulse duration, τ , using

Equation 3.2.

τ = τ0

[
1+
(4 ln2 d2φ

dω2

τ2
0

)2]1/2

(3.2)

When our chirped pulse is stretched due to positive dispersion its frequency

components are spread across a larger temporal window. It would be a

misconception to believe that the effects of GDD increase the temporal resolution

of the TL pulse at a given frequency. As the pulse width increases it’s intensity

distribution altogether decreases, making the TL pulse duration one of the biggest

limiting factors towards the resolution of the experiment, ensuring that the overall

temporal window cannot be lower than 470 fs. The other fundamental limiting

factor is the spectrometer involved in the optical streaking process i.e. slit width,

detector pixel size and the quality of the grating.

The chirped probe pulse possesses a linear frequency sweep. This means that in

the time domain each frequency of probe light arrives at the interaction region at

different increments of time, at different points in the ionization process, and

therefore experiences a different level of opacity (see Section 3.1.3 for more detail).

An image of the interaction region is carried to the entrance slit of a spectrometer

(Czerny-Turner configuration) where it is broken down into its spectral

components and taken to a detector where it is digitised and displayed as a

function of wavelength. A diagram of this process is further outlined in Figure 3.4.

Using this method allows us to record the evolution of opacity by taking direct
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Figure 3.4: Schematic diagram demonstrating the optical streaking technique.
The region of interest is imaged onto the entrance slit of the spectrometer and
shows a 10 µm slice of the interaction area. A typical optical streak of the ROI
along with a corresponding data line out are also included with x-ray arrival (Tx)
and proton arrival times (Tp) labelled. The difference between these two times (∆T )
is also highlighted.
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Figure 3.5: Image demonstrating how optical streak data is compiled for each
shot. Firstly the optical probe is imaged on it’s own (a). The main laser shot is
then fired which consists of both pump and probe laser pulses (b). Each main shot
is then divided by its probe only shot to obtain an optical streak that displays the
evolution of the probe pulse transmission (c).

images of the ionisation process across a range of single shots. For every main shot

of the pump laser, a probe only shot is taken prior in order to record its normal

transmission through the sample. Once both optical streaks are recorded, the main

shot is divided by the probe only shot as shown in Figure 3.5. The optical probe

duration must be significantly longer than the life time of ionisation products for

this imaging method to work, making duration selection of chirped laser pulses

essential for the investigations carried out for the purposes of this thesis.

Across all experiments specific probe durations include 100 ps, 200 ps and 1 ns,

with longer pulse durations being obtained by optically by-passing the probe beams

compressor. Each of these pulse duration’s have their own optimal resolutions of

0.18 ps, 0.37 ps and 2.44 ps respectively. The indubitable versatility and flexible

choice of different long and short pulse combinations make TARANIS an ideal laser

source for the following investigations into real-time ion interactions across numerous

transparent materials.
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We have discussed how the temporal resolution of our probe pulse cannot exceed

0.47 ps, this however is not an accurate depiction of the resolution we can obtain.

The bespoke temporal resolution of our optical set-up is determined by recording

the response of a material to our proton pulse, making a pre-determined addition

or subtraction to the probe’s path length by changing the position of our delay-

stage, and then re-examining the material response. This allows us to determine a

picosecond per pixel calibration. The depth resolution (µm per pixel) is deduced by

taking an optically streaked image of a micrometer scale. The resolutions obtained

for each experiment are later stated in their corresponding chapters.

3.1.3 Transient Absorption Spectroscopy

The motivation for having a probe laser pulse is to provide back illumination for

the interaction occurring between our laser accelerated protons and the sample. We

can observe the occurrence of these interactions with our pump-probe technique,

ensuring we have a high degree of synchronicity between the two laser pulses. When

radiation interacts with matter it causes a variety of structural alterations or a

measurable change within the material. The specifics of these particle interactions

with matter have been previously discussed in detail in Section 1.

The pulsed-ion radiolysis of water results in the formation of many radiolytic

species including solvated electrons, hydroxyl radicals, water ions and hydrogen

peroxide. Provided the wavelength of the probe falls within the absorption band of at

least one of these molecules, their formation will diminish the transmission, providing

us with a transient opacity, resolvable in time. A different process occurs when

handling dielectric materials. Upon contact with ionising radiation, electrons within

the dielectric medium are excited from the valence band into the conduction band.

Within the conduction band electrons temporarily become free and can participate

in free-free absorption of the photons contained within the optical probe. Whenever

an opacity rise appears in one of our optically streaked images, we know that our
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Figure 3.6: A typical RCF stack obtained during an experiment using the
TARANIS laser system. A higher number of layers correspond to more energetic
proton pulses. Layers are numbered from 1 to10 with layer 1 corresponding to proton
energies no less than ∼ 1 MeV, and layer 9 corresponding to 9.5 MeV.

proton pulse has successfully ionised the sample under investigation and created a

third party light absorbing species responsible for the reduction in transmission.

3.1.4 Proton Spectrum Characterisation

One of the irradiating species produced throughout these experiments are proton

generated by TNSA. Both the TNSA mechanism and the characteristic energy

deposition of protons have been discussed in detail throughout Sections 2.2.1 and

2.6. It is understood that protons traverse a known distance through media that is

dependent on their initial kinetic energy.

This gives us a means of calculating the maximum energy of our proton beam by

observing their limit of travel. This section will discuss the multiple ways we used

to achieve such information. It was mentioned briefly in Section 3.1.1 that we can

determine the proton energy spectrum by using our TNSA generated proton bursts

to irradiate stacks of RCF. This process is one of the most common proton spectrum

diagnostics due to its simplicity.
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Figure 3.7: Optical streak data showing the proton energy matching process.
An optical streak of the ROI (a) and (d), are differentiated to highlight the region
where the probe signal is changing, (b) and (e), due to sample alterations from
particle interactions. The proton arrival times (T0) are determined relative to x-ray
arrival, using time of flight calculations. T0 and maximum depth are mapped as a
function of Emax. The top three images show optical streak data that was matched
to a maximum proton energy of 16.06 MeV. The bottom three images show optical
streak data that was matched to a maximum proton energy of 12.3 MeV.
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Figure 3.8: Data curves of the maximum depth and arrival time of protons in
H2O as a function of the proton pulses maximum energy (Emax).
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Another method has been tailored to determine TNSA proton energy cut off, one

that can be carried out from shot to shot, removing any error provided by system

fluctuations. This is done by taking the gradient of the optical streak data and

matching it with simulated proton data. An example of this process is presented

in Figure 3.7. The arrival time and maximum depth across multiple data shots

and proton energy deposition simulations in water were accumulated to compile the

plots presented in Figure 3.8, providing an accessible means of approximating proton

energies propagating through samples of water on a shot to shot basis.

3.2 The Astra Gemini Laser Facility

Proposals were made to alter the experimental procedure outlined in Section 3.1.1

to expand upon the reaction species being observed, specifically in H2O. It was

realised that provided we can efficiently convert ∼ 50% of our optical probe pulse

into a different wavelength of light it would be possible to observe and monitor

the formation and life time of multiple by-products of pulsed-ion radiolysis. In

order to achieve this it was essential to gain access to a different laser system that

could produce a probe pulse with a higher energy density that that of TARANIS at

400 mJ. The Astra Gemini at the Central Laser Facility of the Rutherford Appleton

Laboratory was selected to reach this goal. Gemini also has the ability to produce,

on target, a focused maximum intensity of ∼1021 Wcm−2, helping us produce greater

fluxes of TNSA protons with energies up to 17± 0.5 MeV. It can provide a chirped

optical probe pulse with 1.2 ns duration and an energy between 0.5 J - 1.5 J.

Much like TARANIS, Gemini uses a the CPA technique where it takes a low energy,

high quality pulse and amplifies it successively to great energies along a sequence of

amplifiers. A commercial Femtolaser oscillator is used to generate a train of 12 fs

pulses. These pulses travel through a glass block where they are stretched to ∼7 ps

before reaching a Femtopower Compact Pro where they are amplified to 800 mJ.

The pulse train then undergoes pulse stretching via a wavelength dependent optical
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delay line compiled of transmission gratings. Here the pulse reaches a duration of

1060 ps and then passes along a sequence of amplifiers. Each amplifier contains a

TiS crystal pumped with green laser light and takes each pump pulse to an energy

of 1 J. At the output of the third amplifier the pulse is split across two target areas

and compressed to a duration of 45 fs. The pulse remains under vacuum for the

remainder of its propagation life time.

3.2.1 Multi-wavelength Probing

The energy density of Gemini’s probe beam makes it suitable for sequential frequency

conversion to allow the simultaneous probing of different chemical species. The

simplest way of converting the frequency of our optical probe involves using non-

linear crystal media.

It was long believed that the polarisation (~P) of a dielectric medium was linearly

dependent on the electric field as shown Equation 3.3;

~P = ε0χ~E (3.3)

where χ was the only value considered when defining a materials linear susceptibility.

It was later discovered [52] that χ possesses non-linear properties when encountered

by an electric field, in this case in the form of a laser pulse, operating at a wavelength

other than its fundamental frequency. This non-linear relationship is outlined in the

equation below;

~P = ε0

[
χ
(1)~E +χ

(2)~E2 +χ
(3)~E3 + ...

]
(3.4)

The frequency of the newly generated light is characteristic of the order of

susceptibility of the non-linear material used, and by the wavelength of the

incident laser light.
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Figure 3.9: Schematic diagram demonstration second order non-linear optical
processes, second harmonic generation via frequency doubling and third harmonic
generation via sum frequency generation.

When a nonlinear crystal medium is exposed to an electric field in the form of

our chirped optical probe, its dipoles start to oscillate with the same frequency, ω .

The crystal radiates light with a new frequency while transmitting some percentage

of the ω light. Second harmonic generation (SHG) occurs when one input wave

(ω) is transferred to two output waves (ω & 2ω) and third harmonic generation

(THG), an example of sum frequency generation (SFG), requires two different input

waves (ω & 2ω) to produce three output waves (ω, 2ω & 3ω). Both mechanisms

are displayed in Figure 3.9. The new frequency is characteristic of the crystal’s

nonlinear susceptibility and the frequency of the input light.

The output frequency can be thought of as the sum of the input photons or as the

integration of all dipoles at every position within the material. Maximum frequency

conversion can only occur when the waves of each beam passing through the crystal

have the same phase, meaning each harmonic travelling through the crystal needs

to travel at the same velocity. This is so all waves passing through the non-linear

crystal medium can constructively interfere upon exiting the crystal. For this to be
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possible each wavelength of light needs to experience the same refractive index. This

requires the use of an anisotropic crystalline material with directionally dependent

properties, or in other words a crystal that is birefringent.

It is important to select the most appropriate birefringent crystal for a specific

application. For use in conjunction with the Gemini Laser β -Barium Borate (BBO)

was selected due to its reputation in second and third harmonic generation with

reports of conversion efficiencies of more than 70% for SHG and 60% for THG [53].

The specifications of the exact BBO crystals used are reported later in this section.

Using specially selected BBO crystals for two rounds of frequency conversion would

result in bringing Gemini’s central wavelength of 800 nm down to 267 nm. While

800 nm falls into the absorption band of the solvated electron just like the 1053 nm

light provided by TARANIS, 267 nm does not, but rather falls into the absorption

band of the notorious hydroxyl radical. The absorption bands of both e−aq and

OH· are displayed in Figure 3.10 along with their relation to the fundamental and

frequency converted wavelengths of light provided by the TARANIS and Gemini

laser systems. Producing both ω (λω = 800nm) and 3ω (λ3ω = 267nm) light allows us

to concurrently monitor multiple radiolytic species simultaneously to gain a broader

understanding of the overall evolution of dose due to protons interacting in H2O.

3.2.2 Tuning the Multi-wavelength Optical Probe

While the approach outlined in section 3.1.1 can provide information on a single

radiolytic species, it is desirable to concurrently monitor other species to gain a

broader understanding of the overall evolution of dose due to protons interacting

in H2O. As mentioned above this implies simultaneously monitoring the transient

opacity at multiple wavelengths. To test the efficacy of this methodology we first

generate two wavelengths that reside within the photo absorption band of the

solvated electron using the TARANIS Laser Facility. The 1053 nm chirped optical

probe enters the target area and a translation stage is used to vary the delay
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Figure 3.10: Absorption spectra of both the solvated electron and the hydroxyl
radical in liquid water. Adapted from [54] and [55]. Red regions of the plot indicate
the optical probe wavelength range for the TARANIS laser system, while blue regions
indicate the optical probes wavelength range for Astra-Gemini.

between the arrival of the pump and probe pulses. A 10 mm×10 mm×0.5 mm,

Type I beta barium borate (BBO) crystal, cut at a phase matching angle of θpm =

29.2◦ is then used to convert the 1053 nm light into 526.5 nm light via second

harmonic generation (SHG).

Both wavelengths of our chirped optical probe travel into the vacuum chamber

and illuminate the sample in the region where our TNSA generated protons first

come in contact with the sample. The proton irradiation of the sample is imaged

outside of the vacuum chamber using a 75 cm lens which carries each relayed image

with 10 times magnification to the entrance of their corresponding spectrometer

(ANDOR Shamrock 750) where both frequencies are individually separated spatially

via optical streaking before reaching a designated CCD camera (ANDOR iKon-L
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and iKon-M). A range of interchangeable dichroic mirrors and band pass filters are

placed between the vacuum chamber and the grating spectrometers to ensure both

λω and λ2ω are separated before imaging. A schematic of this set-up is presented

in Figure 3.11.

When using the same technique on the probe line of the Astra Gemini laser

system, the majority of the experimental procedure remained constant aside for

minor optics specifications, geometry and details in expanding the probe line to

include sum frequency generation to produce the third harmonic of probe light

(λ3ω) after frequency doubling. After passing along the delay stage, the probe

beam traverses through the frequency conversion point consisting of a 1:1 optical

telescope containing two 10 mm×10 mm×0.5 mm BBO crystals shown in Figure

3.11 part c). The first lens (BK7, f = 1 m, 2-inch, planoconvex) converges the

beam for 80 cm before it passes through the first of the two crystals (Type I,

ee→o, θ = 29.2◦). Here, photons of fundamental wavelength λω are converted into

photons of λ2ω light via second harmonic generation (SHG). Immediately after the

first BBO crystal there is the addition of a dual wavelength wave plate. This optic

acts as a λ/2 wave plate for λω and as a λ wave plate for λ2ω , readying the waves

for further Type I frequency conversion. Both λω and λ2ω beams pass through

focus before reaching the second BBO crystal (Type I, ee→o, θ = 44.3◦) 40 cm

from the rear surface of the first. Here for every pair of λω and λ2ω photons, one

λ3ω photon forms via sum frequency generation (SFG). All three harmonic beams

travel a further 70 cm before exiting the telescope through the second lens (fused

silica, f = 1 m, 1-inch planoconvex). The newly collimated, multi-wavelength probe

transmits through the sample and is relay imaged outside of the vacuum chamber,

where each image is taken to its own dedicated spectrometer.

It is important to note that in the case of the Gemini laser the water cell was

placed 15.2 mm from the front surface of the target and any solid samples were

placed 2.1 mm from the front surface of the target, changing the distance through

vacuum that the protons must traverse before they reach the sample.



3.2. THE ASTRA GEMINI LASER FACILITY 46

Figure 3.11: Sketch of typical experimental set-up when including frequency
conversion of the optical probe. The probe traverses a long a delay stage before
reaching the conversion point. Here the input probe laser is converted in second
and/or third harmonic light as seen in parts b) and c). Simultaneously, protons are
generated via TNSA and propagate 11.0±0.5mm through vacuum before reaching
the front surface of the sample. The probes are used to back illuminate the sample
across the interaction region which is relay imaged onto the entrance of two 750 mm
imaging spectrometers with either 3 or 6 times magnification (lens dependent). Each
probe pulse has its own bespoke spectrometer.
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3.2.3 Frequency Converted Pulse Profile

It has already been discussed briefly that to maximise energy conversion all input

pump waves must be phase matched. Unfortunately achieving perfect phase

matching in an experimental environment is next to impossible. It is therefore

expected for the pump pulses to experience some degree of phase-mismatch during

the conversion process. Many factors could contribute to such a phenomenon

including non-normal incidence of the pump pulse when entering the non-linear

media [56–58], a pulse bandwidth which exceeds the acceptance bandwidth of the

frequency converting crystal [59, 60], or group velocity mismatch which can lead to

temporal walk-off [61, 62].

In the case of our experiment the majority of phase mis-match is caused due to the

purposeful focusing of the probe pulse between BBO crystals to increase the energy

density of the pulse and by extension maximise frequency conversion. This scenario

is depicted in Figure 3.12, and was simulated using the mathematical expressions

defined in Equations 3.5 - 3.9, allowing us to approximately predict the angular

distribution of both frequency converted beams which are later compared with the

2ω and 3ω profiles obtained using Astra Gemini (Figures 3.13 and 3.14).

The simulation was carried out assuming a 800 nm incident laser pulse with a

duration of 35 fs to provide an estimate of the second harmonic and third harmonic

intensity distributions, and to approximately predetermine the experimental results.

All incident and resultant beams were given a Gaussian profile (Equation 3.5) rather

than the super-Gaussian distribution of Astra-Gemini.

f (x) = ae
4ln(2)(x−b)2

w2 (3.5)

The wavelength dependant ordinary (no) and extraordinary (ne) refractive

indices of BBO were calculated using the Sellmeier equation given by Equation

3.6) where Bi an Ci are material dependant coefficients. These indices were in turn
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Figure 3.12: This image displays the frequency conversion segment of the probe
beams optical chain. The beam is initially down collimated using a 2 inch, f =
1 m, planoconvex lens. The beam then passes through the first beta barium borate
crystal where it is frequency doubled. 100cm after the first lens, mid-way between
both BBO crystals, the probe beam passes through focus. It then continues through
the second beta barium borate crystals for conversion into the third harmonic via
sum frequency generation. The multi-wavelength optical probe passes though a
second 1 inch, f = 1 m, planoconvex lens before it travels to the sample.

used to determine the optimum phase-matching angles, θSHG and θT HG for the

SHG and THG of 800 nm laser light respectively by using the expressions

highlighted in Equations 3.7 and 3.8, where s and p correspond to sum and pump

waves respectively. For propagation at angle θ with respect to the optical axis

(OA) of the non-linear crystal media, ne is given by Equation 3.9.

n2(λ ) = 1+∑
i

Biλ
2

λ 2−Ci
(3.6)

sin2
θSHG =

(ne
2ω
)2

(no
ω)2

[
(no

2ω
)2− (no

ω)
2

(no
2ω
)2− (ne

2ω
)2

]
(3.7)
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no
s =

(λs/λp1)no
p1√√√√1+

[
(no

p1)
2

(ne
p1)

2 −1

]
sin2

θSFG

+
(λs/λp2)no

p2√√√√1+

[
(no

p2)
2

(ne
p2)

2 −1

]
sin2

θSFG

(3.8)

1
[ne(θ)]2

=
cos2 θ

[no]2
+

sin2
θ

[ne]2
(3.9)

The intensity of each of the generated fields vary with the wave vector mismatch

∆kSHG = k2ω−2kω and ∆kSFG = k3ω−k2ω−kω respectively, where the wave number

is given by k = 2π/λ . Any depletion in intensity is entirely dependent on a factor

of sinh2(∆kL/2).

Parts a) of both Figures 3.13 and 3.14 show the results of the simulated 2ω and 3ω

probe pulses respectively. Parts b) show the frequency converted probe pulse profiles

obtained using the Astra Gemini laser system. Eccentricities of both simulated

profiles were calculated using e =
[
1− (b2/a2)

]1/2 where a is the major axis and b is

the minor axis of the ellipse. These elliptical profiles were then mapped onto their

experimental counter parts for comparison. An agreeable match between the two

were found providing sufficient evidence that the tilts in the frequency converted

probe pulses are a result of the typical effects of phase mis-matching and are to be

expected.
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Figure 3.13: Figure comparing the expected pulse profile of the 400 nm optical
probe (a), with an optical streak of the same pulse (b) obtained experimentally.
The pulse has an overall eccentricity of 0.98 to phase mis-match. The black dotted
lines highlight the elliptical shape of the pulse along with major and minor axes.
The white dotted lines in part (b) show where the probe pulse clipped the slit upon
entrance to the spectrometer.
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Figure 3.14: Figure comparing the expected pulse profile of the 267 nm optical
probe (a), with an optical streak of the same pulse (b) obtained experimentally. The
pulse has an overall eccentricity of 0.76 due to phase mis-match. The black dotted
lines highlight the elliptical shape of the pulse along with major and minor axes.
The white dotted lines in part (b) show where the probe pulse clipped the slit upon
entrance to the spectrometer.



Chapter 4

The Role of Nanostructure in the

Ultrafast Response of SiO2 to

Ionisation

Understanding how various forms of radiation interact with matter is a vast field

of scientific research. Existing models only account for a collective medium

response, a response that encompasses a broad range of processes which are

averaged across a macroscopic region. Literature lacks an in-depth analysis of how

radiation causes a material to react locally across nanoscopic length scales. The

aim in this chapter is to clearly demonstrate the distinct difference between

homogeneous and inhomogeneous SiO2 and how this structural dissimilarity affects

the dielectrics response to ionising radiation. There are processes that take place

on the nanoscale that are fundamental to the ultrafast response of any given

material, and they depend entirely on heterogeneity.

52
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4.1 Spatial Scales of SiO2

Silicon dioxide has been and still is extensively explored across multiple industries

including food manufacturing, agriculture, agrochemistry, biochemistry and

pharmacology. It is also of huge interest in the material science sector because of

its high complexity, flexibility of structure and property variability. A more

specific application of SiO2 in the field of nanostructured media are MOS

transistors (metal-oxide-semiconductors). These are a specific type of

insulated-gate field-effect transistor that is considered to be the ‘building block’ of

modern electronics and is the most frequently manufactured device of all time [63].

Electrical components like this are just one example of silicon dioxide in a role that

is dependent on its variable dielectric qualities. It is important that in scenarios

like this we do not assume the approximation of continuity when considering the

properties of an electronic subsystem. It is common place for wide band gap

insulators to have their properties mapped along side some sort of macroscopic,

fixed relationship.

One such property is the electron inelastic mean free path (IMFP). The value of

IMFP and its dependence on electron energy has been observed, measured and

modelled by many scientific groups at densities ranging from 2 gcm−3 to

2.66 gcm−3. A few examples of IMFP data obtained experimentally and via

theoretical calculations are compared in Figure 4.1. Between energies of 100 eV

and 100 keV, electrons transfer most of their energy to a system via

electron-electron interactions, commonly known as impact ionisation [64]. As the

kinetic energy of the electrons decrease, so does their IMFP, resulting in a decrease

in the impact ionisation cross section, σII. The value of σII decreases more and

more rapidly as the electrons approaches sub-excitation energies < 20 eV. At this

point the curve taken from Ashley et. al. shown in Figure 4.1 demonstrates how

the value of IMFP goes through a minimum before increasing again. Even though

the impact ionisation threshold, ET is as low as 9.12 eV [65], free electrons are still
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Figure 4.1: Electron inelastic mean free paths as a function of energy. Part (a)
shows examples of IMFP calculations from three separate sources [68–70]. Part (b)
focuses on the result obtained by Ashley et al. and what material behaviour we
would expect to see if IMFP simply scaled with a change in density.

required to lose this energy and more before they can relax back into the valance

band and recombine, otherwise in theory these free carriers could propagate freely

for infinite time. For electrons with energies < 20 eV, inelastic interactions with

quasi-particles becomes one of the main energy loss processes. In any material

with a structure consisting of an ordered lattice, the predominant energy loss

mechanism is caused by the radiation and absorption of phonons [66–68]. This

electron-phonon energy exchange is responsible for siphoning off this remaining

energy in bulk SiO2. This phenomena is further visualised in Figure 4.2 and is also

indicated in Figure 4.1 by the grey region below 100 eV.

What happens when a solid material doesn’t have an ordered structure like

amorphous SiO2? What happens when we take away the crystal lattice and
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Figure 4.2: Visual representation of the journey of electron energy transfer
processes in amorphous SiO2. Part i) corresponds to the impact ionisation stage
of a singular high energy electron (>20 eV) propagating through SiO2 via normal
diffusion. Here the electron moves from atom to atom, imparting energy inelastically.
Part ii) shows how the electron motion becomes slightly less erratic as it diffuses
throughout the medium with an ever decreasing σII value. Part iii) shows how the
electron interacts with the lattice of SiO2, producing phonons and losing the last of
it’s energy. This diagram is purely for visual purposes and no elements are drawn
to scale.
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consider a variant of the same material that does not display homogeneity on the

nanoscale? It is ill-advisable to assume that all forms of silicon dioxide follow this

same trend of electronic behaviour without taking into consideration the materials

structural flexibility. If this were the case we could deduce that its IMFP would

simply scale with a change in density as can be seen in Figure 4.1b. This might be

a safe assumption to make for homogeneous media, but what happens when

heterogeneity is introduced to a materials cross section? Established theoretical

models have been proven to commonly overestimate the electron IMFP for

energies less than ∼100 eV [71]. Many materials have heterogeneous density

distributions when their lattice is considered locally at nanoscopic scale lengths

(<100 nm). These minuscule spatial scales introduce complexities such as

granularity, porosity and material defects. This provides the need for more

strenuous investigations into how a material responds to radiation across

nanometer regions of space and at lower electron energies.

In order to do this we use the exceptionally versatile compound that is silicone

dioxide, treating amorphous SiO2 (fused silica) as our homogeneous bulk material.

We are able to isolate the localised heterogeneous case by exploiting the properties

of silica aerogel. Aerogels have little weight and exceptionally low densities that

range from 0.001 gcm−3 to 0.5 gcm−3. Their structure can be described as a

porous, solid network with a fractal-like lattice containing numerous air pockets

[72]. These porous clusters of SiO2 molecules can be approximated as

‘nanoparticles’ with average diameter a =3±1 nm. An aerogel’s mean pore size is

tuneable during synthesis with a mean value D < 10 nm, resulting in average

densities of ρav <0.5 gcm−3. Something that is considered a desirable property of

aerogels, is their low electron mean free path. We have already discussed how

aerogels are also known for their unexpectedly low densities, making our previous

statement a direct contradiction of what we have displayed in Figure 4.1b. If a

material has a lower density, Equation 4.1 would imply that its electron number

density (n) and/or electron interaction cross-section (σ) would both decrease and
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that its IMFP (λ ) would increase.

λ = 1/nσ (4.1)

In theory the free carrier lifetime would also scale as τc ∝ ρ−1
av . Neither of these

supposed relationships take into account the nanosocpic systems that contribute

to a materials average density. An aerogel has a highly porous, three-dimensional

network that can demonstrate spatial scales (l f ) up to the acoustic correlation length

(ξac) where a< l f < ξac [73]. Over such small scale lengths an aerogel lattice exhibits

a degree of self-similarity and supports electron-fracton energy exchange, where a

fracton is defined as a quantised vibration with an effective mean free path that is

less than or equal to the dimension of a single unit cell [74]. More about this will be

discussed later in Section 4.4. These varying forms of SiO2 make it the perfect tool

for comparing how the crystalline bulk and the tortuous nanoscale make for vastly

different recoveries to radiation.

4.2 Probing Localised and Delocalised States

So far in this chapter we have established what samples are going to be used at the

core of this investigation into how heterogeneity effects a materials response to

ionising radiation. Next we determine what forms of perturbing radiation will be

used to compare material recovery across different scale lengths by exploiting lower

electron energy territory. We can do this by utilising different electron spectra

produced by the attenuation of x-rays and stopping of protons in SiO2 (these

phenomena are outlined in Sections 2.4 and 2.6). Bremsstrahlung x-rays assemble

our x-ray pulse and are generated when hot electrons pass through the aluminum

target foil (see Section 2.2.4). These x-rays go on to interact with our samples of

varying density SiO2 where they generate secondary electrons along their track.

These electrons are broadband with energies up to 130 keV and a peak density at

∼15 keV. The electrons generated by our picosecond proton pulses vary drastically
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Figure 4.3: GEANT4 Monte Carlo simulations showing primary electron spectra
formed due to monoenergetic 10 MeV proton stopping (red), and 50 keV temperature
blackbody x-ray spectrum (blue). These spectra were taken at a depth of 1.2 mm,
equivalent to the Bragg region of 10 MeV, in 2.66 gcm−3 silicon dioxide. Maximum
energies of∼ 20 keV and∼ 50 eV were found for x-ray and proton generated electrons
respectively. The electron density has been normalised for comparability. This data
was provided by B. Villagomez.

in that they have a much smaller energy spread with a maximum cut off of 140 eV.

The proton plot displayed in Figure 4.3 scales with Equation 2.5 as a function of

density. By comparing the two electron spectra presented in Figure 4.3 we have

identified the perfect tool for simultaneously probing the macroscopic and

nanoscopic response of any transparent material. It should also be noted that

there is a distinct lack of electron IMFP behaviour at energies < 10 eV recorded in

literature. Thanks to this novel method we have a prime opportunity to utilise the

lower energy electrons produced by proton stopping to help explore this grey area

in IMFP characterisation.
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4.3 Comparing Responses of Fused Silica & Silica

Aerogel

We have explored the predicted nature of the material response in SiO2 as a

function of density. In this section we are going to take a closer look at real time

observations of different samples of silicon dioxide and how they respond to

ionising radiation. The samples in question are 2.66 gcm−3, bulk SiO2, 0.7 gcm−3

xerogel, 0.26 gcm−3 aerogel and 0.095 gcm−3 aerogel. Scanning electron

microscope images of the samples are given in Figure 4.4 to provide a visual

representation of the localised complexity that can accompany a change in density.

The technique reported in the methodologies chapter is used to produce a

broadband pulse of Bremsstrahlung x-ray radiation (>10 keV) and a burst of

TNSA generated protons simultaneously to act as our perturbing species. We use

these radiation sources in conjunction with our optical streaking technique (see

Section 3.1.2) to track the recovery time of SiO2 in order to compare how the

materials nanostructure contributes to their response to radiation. Optical streaks

Figure 4.4: Scanning electron microscope images of (a) xerogel with ρav
= 0.7 gcm−3, (b) aerogel with ρav = 0.26 gcm−3 and (c) aerogel with ρav =
0.095 gcm−3. Each image was captured at 33000 times magnification and has the
same 100 nm scale bar in the bottom right corner. The purpose of these images is
to allow for the direct comparison of the nanoscopic structure between the samples
under investigation.
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Figure 4.5: Parts a) and b) show raw optical streak data of 2.66 gcm−3 and
0.26 gcm−3 SiO2 respectively. The time Tx signifies the x-ray pulse arrival. Part c)
shows lineout data that directly compares the real time ionisation and recovery of
both samples at a depth of 0.96 mm over the course of 700 ps.
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demonstrating the arrival of both x-ray and proton pulses in 2.66 gcm−3 and

0.26 gcm−3 SiO2 are provided in Figure 4.5. In the optical streak data there is a

clear drop in transmission which can also be referred to as an onset of opacity.

This opacity arises on two occasions, once when the x-ray pulse arrives and

∼120 ps later when the proton pulse arrives. Any substantial difference in the

arrival time between the x-ray and proton pulse is due to shot to shot variations.

Taking a closer look at Figure 4.5a and b we can see the difference between fused

silica and aerogel responses to both x-ray and proton irradiation in real time. The

time τc is measured as the time it takes the material to recovery from maximum

opacity to within 1/e of normal transmission. This value is 20 times greater in

0.26 gcm−3 aerogel than it is in fused silica These are two forms of the same

material, with differing nanostructures, that do not demonstrate a linear

relationship between density and free electron recombination. This gives us an

entry point into probing the boundary between bulk and nanostructured media

response, the region where mathematically predicted behaviour breaks down.

Further samples of SiO2 were also irradiated and observed to get a deeper insight

into the relationship between τc and ρav. The additional samples include xerogel

with an average density of 0.7 gcm−3, and aerogel with and average density of

0.095 gcm−3. Xerogels have a similar structure to aerogel in that they retain a

high degree of porosity. However, their average pore size is <10 nm making ξac ∼ a,

and giving them an overall higher average density than most aerogels [77]. The

response of the xerogel sample is given in Figure 4.6b and at a glance is not

dissimilar to the response of fused silica. As the density of the SiO2 samples

decrease a clear increase in both x-ray and proton induced recoveries can be

identified.

The observed recovery times have been mapped as a function of density in Figure

4.7. The solid green line was extrapolated from the data point provided by Audebert

et al. [75] and shows how we would expect τc for SiO2 to change as a function of

average density. Data obtained experimentally is also provided and displayed in
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Figure 4.6: Further lineout data obtained experimentally in varying densities of
SiO2. Each data set is given its own value for T0 that coincides with the x-ray pulse
arrival.
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Figure 4.7: Plot showing expected free carrier recombination time as a function of
SiO2 density (green) compared to what is observed experimentally (blue). The lone
green data point is Audebert et al. [75] and shows their observed recovery time, τc
of 150 fs for 2.66 gcm−3 SiO2. This point provided the basis for the expected scaling
of τc assuming a homogeneous reduction in ρav which is shown by the green line.
The blue data points shown are the experimentally recorded τc values for different
densities of SiO2. Here, τc is the measure of 1/e between normal transmission and
maximum opacity for each sample.The blue circular data points record the recovery
times as a result of proton irradiation, while the blue x’s record the recovery times as
a result of x-ray irradiation. The dark vertical line shows the boundary between bulk
and nanostructured SiO2 while the horizontal line labels the limit of our temporal
resolution provided by a probe pulse with 100 ps duration. Data points within the
red box were taken with a temporal resolution of 0.18 ps [76] while all others were
taken with a temporal resolution of 2.44 ps. The vertical error bars represent the
uncertainty in estimating the timing of the 1/e drop in signal.
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Figure 4.8: Plot comparing exponential fits of the x-ray and proton data presented
in Figure 4.7, giving us the trend in recovery time for nanostructures of SiO2
with average densities between 0.01 gcm−3 to 2.7 gcm−3. The blue line shows the
exponential fit of the recovery time of free electrons induced by proton irradiation,
giving the an average energy of 110 eV. The red line shows the same for free electrons
induced by x-ray irradiation with an average energy of 26 keV. The green line has
been extrapolated from data reported by Audebert et al. [75]. There is a large degree
of discontinuity between the expected recovery times and those that are observed
experimentally. Comparing both proton and x-ray curves shows that lower energy
free electrons take more time to recombine with their more energetic counterparts.
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blue. While bulk sample data appears to be in close agreement with the predicted

trend, experimental measurements taken for SiO2 with characteristic heterogeneity

on the nanoscale (ρav ≤ 0.5 gcm−3) veer further and further from expectation as

average density decreases. With the aim of highlighting how free electron energy

impacts the recovery time, the exponential relationships between x-ray response,

proton response and predicted response are compared using Figure 4.8. As each

data set approaches bulk densities, there is closer agreement between the three. It is

exceptionally clear however, that in this heterogeneous nanostructured environment

there are significant differences that are worth mentioning. Firstly we can reconfirm

that the experimentally observed results show a large degree of discontinuity with

modelled data that doesn’t account for material differences on the nanoscale. It

can also be seen that free electrons formed as a result of proton irradiation, and

with an average kinetic energy on the lower end of the scale, deposit much more

energy at a more localised level when compared to x-rays, making the secondary

electron temperature much higher, and therefore requiring more time to recombine

with the material than the more energetic electrons formed by incident x-rays. In

the following section a brief description of the potential mechanisms at play that

are believed to be responsible for these discrepancies are provided.

4.4 Discussion

From the results provided in the previous section, it is clear that we are seeing a

discontinuity in the recovery time of SiO2 as a function of density when compared

with expected values reported across literature. We have obtained results that

contradict the mathematical relationship given by Equation 4.1, and here we will

summarise the underling processes that we believe to be causing these

inconsistencies, highlighting once again the motivation behind this work.

The aim of this thesis is to provide experimental access to nanoscopic ionisation

dynamics in matter. Before now, well established macroscopic processes have been
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used to approximate localised behaviour based on the measurements of a materials

bulk response to radiation. The experimental results presented in the previous

section help us to compare the real-time, material response between a crystalline

lattice (bulk SiO2) and one with a more tortuous structure (aerogel). Two sources

of synchronised secondary electron production also helps us to probe dynamic states

at different proximities.

When x-rays ionise a material the mechanisms described in Section 2.4 come into

play and form highly energetic electrons with mean free paths ranging from 10’s to

100’s of nanometers. Due to their substantial kinetic energy, these electrons

undergo scattering events with bound electrons in the valence band, transferring

excess energy and moving the previously bound electrons into the conduction

band. This process is commonly known as impact ionisation and causes the

formation of highly energetic electron-hole pairs that often cause a cascade effect

heavily increasing the carrier density. Gradually these x-ray produced electrons

lose energy and cause less and less ionisations until approaching sub-excitation

energies, ∼20 eV. At this stage in their life-time electrons begin to interact with

the lattice of the material and the stopping function becomes dominated by

scattering via longitudinal optical (LO) phonons (e−-phonon interactions) [78]

While the excited and ionised electrons remain within the conduction band, they

are responsible for free-free absorption of our optical probe. This is what causes

the opacity onset in our optical streaking data.

Under certain conditions an ultrafast recombination pathway for electrons in the

conduction band becomes available. This is the process of self-trapped excitons [79]

(STEs) and can result in a recovery time as low as 150 fs in crystalline SiO2. This

pathway can only be availed of if the electron density is <10×1019 cm−3. This

condition is met in the case of x-ray generated electrons with their characteristic

high keV energies and their substantial IMFPs, allowing dense e− populations to

diffuse from their origin of ionisation. The restricting factor when observing the

recovery of bulk SiO2 is the instrumental limit of our resolution, inhibiting us from
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observing the expected recovery time of 150 fs [75]. This does however provide the

opportunity to observe and measure the duration of our pico-second proton bunches

(3.5 ps) when using amorphous SiO2 [76]. In the case where the electron density is

unsuitable for STE formation another energy loss pathway is available for electrons

that still remain within the conduction band.

We have already established that some amount of time after our x-ray pulse arrives

we can expect the entry of a second radiative species in the form of protons. These

particles are also responsible for ionising the medium, producing an electron spectra

with a much lower average maximum energy that are not responsible for causing

ionisation cascades like those produced by x-rays. Rather than cause numerous

ionisations in the material from the get go, these lower energy electrons go straight

to the alternative energy loss pathway mentioned briefly above. This is known as

the e−-phonon interaction pathway. During this process electrons lose incremental

energy by interacting with the lattice of the material rather than it’s atoms. The

electrons, upon interacting with the lattice, cause the emission and absorption of

phonons until they lose sufficient energy to recombine with the atoms of the lattice.

It is important to not that it is believed that the incremental energy deposited by the

electrons at this point is well below the damage threshold of the aerogel, and therefor

the degree of the lattice structure is considered constant within the timescales of

measurement. In order for this energy loss mechanism to exist the material being

probed must have a structure consisting of an ordered array of atoms. Without this

phonons cannot exist, and the electron-phonon energy loss pathway can not take

place.

The same question was mentioned initially in Section 4.1 of this chapter, what

happens when the ordered structure of a material is removed? When disorder is

introduced, phonon approximations breakdown because they require a uniform,

repeating structure to propagate [80]. This is the case when we introduce aerogel

into our studies. Aerogel samples demonstrate a very obscure lattice network at

lower densities. These fractal constructions cause anomalous electron diffusion as
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Figure 4.9: Schematic showing an approximate representation of the structure of
aerogel where electrons exhibit anomalous diffusion and move from e−-phonon to
e−-fracton molecular vibrational modes.

the movement of the free carriers are restricted by a high percentage of empty

space within the material, as seen in Figure 4.9. Any phonons produced by the

electron lattice interaction are almost instantly reabsorbed because they have no

where to propagate. This localised lattice vibration no longer supports phonons

but rather a new quasi-particle, fractons. Many studies have shown that silica

aerogels support the propagation of fractons [81–85]. It is because of this

phenomenon that we believe we see such a slow recovery response in silica aerogels.

These findings open a gateway to understanding the dynamics of complex systems

and stress the need for a more localised look at the nanoscopic features of

materials in order to grasp an understanding of the bigger picture that contributes

to the overall behaviour of matter.

4.5 Summary

In this chapter we have explored the role of nanostructure in the material behaviour

of condensed matter as it responds to ionising radiation. We have achieved this by

comparing the recovery of bulk SiO2 with that of silica aerogels, two materials that
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consist of the same elements, but vary greatly on a nanoscopic scale. We have shown

that when the structure of an ordered lattice is removed, free electrons formed by

ionisation need to find a new way to lose energy that doesn’t involve the emission

of LO phonons. While bulk materials can avail of ultra-fast relaxation pathways for

sub-excitation energy electrons, disordered media cannot, meaning that Equation

4.1 only works for the uniquely isolated case of a perfect crystal. Furthermore,

this work reveals the capabilities of laser driven accelerators in producing multiple

ionising species that can be used to further investigate the role of anomalous diffusion

in disordered systems.



Chapter 5

Instantaneous Response of Liquid

H2O to Incident Radiation

In the previous chapter we took some time to explore the effects of ionising radiation

in an exceptionally common and versatile insulating material. In this section we will

be using the same concepts to explore similar dynamics within what is arguably the

most common compound in our universe, water. We use the same methods outlined

in Chapter 3 to irradiate 1 cm3 samples of ultra-pure H2O with picosecond proton

bunches while simultaneously probing with chirped, infra-red laser light. The earlier

arrival of the broadband x-ray pulse acts as a timing fiducial, allowing us to scan

into zero timing. This provides a window through which we can observe real time,

ultra-fast water radiolysis. Water is the pinnacle of all organic matter and is an

essential experimental tool in tracking instantaneous damage in soft tissue caused

by ionising radiation because of the comparability between the two media.

At first glimpse it would appear safe to assume that the underlying physical and

chemical processes taking place in irradiated liquid water have been thoroughly

studied and understood. While this is the case across many contexts, little to no

direct measurements of inelastic cross sections in liquid water exist in today’s

literature. Up until now these measurements taken in the H2O vapour phase have

70
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been considered efficient [86, 87], and similar to the problematic macroscopic

approximation approach outlined in the previous chapter, this data is often

extrapolated linearly as a function of density. The questions is, how well can the

validity of approximation be relied upon? In this chapter we take an in-depth look

at the ultra-fast processes that occur as a result of the irradiation of liquid water.

The physical and physio-chemical stages of radiolysis take place between 10−15 and

10−12 seconds, across atomic spatial scales. It is therefore essential that we fully

understand to the best of our ability, using the tools that are available to us, to

investigate these processes as they occur on the nanoscale.

5.1 Real Time Observations of Electron Solvation

We have been able to revolutionise the practice of observing proton-induced

ionising processes in pristine water samples in real time. Existing techniques

involving the ignition of radiolysis in water often involved the use of Radio

Frequency cavities. Even though these particle accelerators produce stable,

mono-energetic beams with ultra-high repetition rates [88], they are not ideally

suited to ultrafast measurements for multiple reasons. Firstly, while protons from

storage rings can be highly monoenergetic they also possess an inherent thermal

energy spread due to the hot cathode injector in the accelerator stage. This

typically limits pulse duration’s to >100 ps [89, 90]. Secondly, electrical jitter

between a probe light source and the accelerator cavity can lead to 10’s of ps of

scale timing uncertainty. Finally, while the average brightness from proton storage

rings is high [8] the instantaneous brightness is too low for measurements in

picosecond time frames. Therefore an accumulation of experimental data obtained

over a relatively long time frame is required, exacerbating the problems of pulse

duration and timing jitter. Other techniques have been developed to indirectly

measure chemical changes and radiolytic yields of water and other liquids by using

chemical scavengers [91–94]. To achieve high temporal resolution measurements
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via this method, a high concentration of the scavenging chemical is required.

Unfortunately this increases the complexity of the liquid sample and can lead to

the scavenger itself taking part in the radiolysis process, therefore increasing the

uncertainty of measured relative growth rates of radiolytic yields. This presents

the need for an experimental technique that can not only obtain on-shot, time

resolved images of chemical products formed during radiolysis and other reactions,

but one that works in conjunction with pristine, ultra-pure water samples. With

our novel method scavenging materials are made redundant and exceptionally fast

resolutions are readily available, enabling us to directly observe the ionisation

effects of protons and their subsequently generated electrons, in water. Multiple

physical, physico-chemical and chemical interactions take place when water is

exposed to ionising radiation. A basic outline of these reaction pathways and the

products formed as a result are presented in Figure 5.1 below. Some of the most

dominant reaction pathways include inter-molecular Coulombic decay, proton

transfer, dissociation and solvation. The by-product of water radiolysis that we are

paying particular attention to in this chapter is the solvated electron (e−aq), a free

electron that occupies a cavity/excluded volume of space within a structure of

water. When x-rays interact with water they indirectly ionise by releasing

electrons via incoherent scattering and the ejection of photoelectrons from the

k-shell. These free electrons go on to cause ionisation’s before thermalising within

the liquid. The negatively charged electron interacts with the dipoles of

surrounding water molecules where it becomes trapped and eventually solvated. In

this aqueous state, the solvated electron has an adequate lifetime that allows it to

behave as its own chemical species. For incident protons, any individual water

molecules along the energetic ions path will experience ionisation while lone pair

electrons from oxygen atoms may experience excitation [95]. Newly formed free

electrons are then prone to solvation. These processes take place within a time

frame from 10−16− 10−15 s for initial energy transfer from the ionising species to

e−, to 10−13−10−11 s for complete energy dissipation along the particle track [96].
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Figure 5.1: Overview of the main reaction pathways that take place during
the dissociation of water molecules by ionising radiation, also known as radiolysis.
Protons and photons have been given as examples of incident ionising radiation.
The physical stage consists of energy deposition, causing ionisations and excitations.
This leads to the formation of excited water molecules (H2O∗), water ions (H2O+)
and sub-excited electrons (e−). During the physico-chemical stage many processes
occur including the thermalisation of sub-excited electrons to form solvated electrons
(e−aq). The chemical stage leads to rapid expansion due to diffusion and subsequent
chemical reactions.
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5.2 Temporal delay in Proton Opacity Onset

Many previous experimental techniques have provided an insight into the

thermalisation and solvation of electrons [97, 98]. However, these procedures

haven’t succeeded in directly observing early onset dynamics of solvated electron

formation post water ionisation via proton irradiation due to the inability to

achieve adequate spatial and temporal resolutions. For this reason innumerable

macroscopic models exist in an attempt to predict electronic and atomic behaviour

in such scenarios. Examples of such models include Coulomb explosion [99, 100],

bond weakening [101, 102], ionisation diffusion explosion amorphization [103], and

the exciton decay model [104, 105] to name a few. Unfortunately, no microscopic

model currently exists that incorporates electronic and atomic motion at the same

time as they would require impractical computational resources. These

experimental and analytical limitations are factors preventing the process of

electron solvation from being more thoroughly understood. However, due to

advances in laser produced ultra-short pulse durations and innovative experimental

approaches, we are able to achieve real time recordings of solvation onset in x-ray

and proton irradiated water samples with pico-second resolution.

Figure 5.2 shows an example recording of real-time solvated electron dynamics in

the form of an optical streak. As the pump laser pulse induces this rapid ionisation

the simultaneous traversing chirped optical probe pulse is absorbed by aqueous

electrons via free-free absorption, due to electron solvation. All plots are derived

from the initial laser target interaction, T0. The broadband X-ray pulse arrives

at ∼50.7 ps and is responsible for the first opacity onset. The TNSA mechanism

outline in Section 2.2.1, produces a spectrum of protons that arrives at ∼250 ps

corresponding to a maximum energy (Emax) of ∼20 MeV. These arrival times are

highlighted in 5.2c. Emax defines the proton arrival time, the rising edge of the

opacity onset and the propagation depth into the sample. Figure 5.2a shows that

as time elapses and protons propagate further into the sample, the optical streak
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Figure 5.2: Experimental data obtain via optical streaking showing real-time
electron solvation dynamics in x-ray and proton irradiated liquid water. Part (a)
displays experimental obtained data while part (b) displays the first derivative of
(a) with respect to time. Part (a) has been smoothed using an isotropic Gaussian
filter for presentation. Horizontal dashed lines indicate where the lineouts in part
(c) were taken. Part (c) shows a line of raw data taken at a depth of 1.3 mm from the
optical streak provided in part (a), while the inset shows the same line of data take
from part (b). Proton and x-ray generated opacitys are clearly marked and visible,
providing us with a complete spatial and temporal recording of electron solvation
dynamics in real time.
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reveals clear differing levels of opacity caused by generation of e−aq. This is expected

due to the decrease in proton flux with depth into the sample, resulting in higher

e−aq density towards initial particle entry. The lifetime of the solvated electron is

expected to last for ≤ 5×10−4s [106, 107] which accounts for the generated opacity

not fully recovering in our temporal window. Figure 5.3b and the inset of 5.3c shows

the first derivative of the probe pulse transmission with respect to T , highlighting

the regions in which solvated electrons are being generated as a result of ionisation.

A mathematical model was applied to directly compare with experimental data.

From simple time of flight calculations and from knowing the distance between the

back surface of the target foil and the front surface of the water sample, we are

able to predict the energy dependent arrival time of our picosecond proton pulses.

This process begins with calculating the x-ray time of flight in vacuum, and for the

data presented in Figures 5.2, 5.3 and 5.4, is expected to be 50.7 ps for a distance of

15.2 mm. From this and the timing calibrations outlined in Section 3.1.2, we are able

to directly measure the time at which the second opacity onset occurs. Comparing

this time directly with the data from the proton stopping model provided by M.

Coughlan, we are able to confidently and efficiently decipher Emax of our proton

bunches on a shot to shot basis.

Figure 5.3 takes a closer look at the region of water that undergoes ionisation as

a result of proton irradiation. Part (a) is the measure of the rate of change in

transmission with respect to time, and was obtained by taking the first derivative

of Figure 5.2a between 180 ps and 480 ps. This highlights the region where solvated

electrons have been generated as a result of proton ionisation and shows great

agreement with the model in part (b). There is however one significant

disagreement between the modelled and experimentally obtained data. When

comparing Figure 5.3b and Figure 5.3b, the maximum depth at which opacity can

be observed is disparate between the two. While the modelled data appears to

peak at 3.74 mm, small levels of opacity are observable in the differentiated optical

streak data that doesn’t appear to stop within our spatial window of 4.5 mm,
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suggesting a maximum proton energy that exceeds 21.7 MeV.

Figure 5.3: Comparison of (a) experimental and (b) modelled data for the rate
of change in probe pulse transmission with respect to time. Part (a) has been
smoothed with an isotropic Gaussian filter with a sigma value of 1 for presentation.
It highlights the region within the optical streak where the opacity is changing,
and therefore where solvated electron generation is taking place. This is in good
agreement with the simulated version of events shown in part (b). A resolution
element has been include in the form of ∆Tres and shows minimum temporal width
which we are able to resolve.

The findings discussed above suggest that by-products of the proton track extend

further into the sample even after Emax protons have stopped. This addition in

electron solvation could be a result of proton induced x-ray emission (PIXE) [108].

Usually x-ray spectra of this type are used in elemental analysis and are generated

by protons bombarding and exciting inner shell electrons of the material under

investigation. Excited electrons emit characteristic x-rays as they seek stability by

returning to their original electronic state. The x-rays emitted in this case would

have an energy of 524.9 eV [109]. These x-rays can go on to cause further

ionisation indirectly via photoelectric absorption and Compton scattering (Section

2.3.1). This would provide a reasonable explanation for further e−aq formation even

after incident protons have reached the end of their own trajectory and therefore
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boundary for ionisation. These observations suggest a significantly modified

picture of electron solvation post irradiation with energetic protons. This presents

the question as to whether applications of highly energetic proton beams [110–114]

have ever taken this phenomena into consideration and what implications it might

have longer term, emphasising the need for studies like these that offer a route to

developing a comprehensive nanoscopic picture of proton interactions in matter, in

real time.

5.3 Onset and Termination of Proton Bragg Peak

After further evaluation of the data presented above, an even more significant

discrepancy between the experiment and modelled data can be seen. Figure 5.4a

shows the second temporal derivative of Figure 5.2a, spotlighting the region where

the opacity switches off. The region of significance is marked by two arrows and is

labelled Bragg peak as this is where the protons deposit the majority of their

energy. When compared to it’s simulated counter-part, Figure 5.4b, there is a

significant difference in the termination time of opacity. While the experimental

data shows a termination duration of ∼24 ps, the modelled data shown in Figure

5.4 shows no broadening in the opacity switch off. In fact, it has a very sharp drop

off that is only 3 pixels long (3.36 ps), a feature which is within the resolution

abilities of the experiment.

Multiple characteristics of the proton Bragg peak has been explored and defined

since it was first discovered that the ionisation density of charged particles sharply

increases towards the end of their track. However, the data in Figure 5.4 would

suggest that there is a gap in established literature that does not account for the

temporal effects of proton dose-depth distribution after they have stopped within

a medium. The prolonged temporal feature surrounding the Bragg peak in this

experimental data has the potential to redefine how we treat the expected behaviour

of highly ionising particles. It is believed that there may be various phenomena at
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play that are causing this unexpected inconsistency which are discussed in the next

section.

Figure 5.4: Comparison of (a) experimental and (b) modelled data showing the
second temporal derivative of probe pulse transmission. This spotlights the region of
the optical streak that corresponds to the Bragg Peak. A much wider Bragg region
can be seen in part (a) compared to the modelled data in part (b). The temporal
widths of both Bragg regions are shown in part (c) along with the resolution element
∆Tres, demonstrating that it would be within our experimental limits to resolve this
feature even if it was equivalent to the modelled result. All proton range straggling
has been accounted for in the modelled data.
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5.4 Discussion

In this section multiple hypotheses are put forward that have the potential to

elaborate upon the unprecedented physical phenomena shown in the previous

section. These results suggest that the underlying physical dynamics instigated by

the irradiation of water are not thoroughly represented by habitual modelling.

5.4.1 Thermal Spike Model

When protons deposit their energy they increase the local temperature of target

atoms in the vicinity of its radiation track. These regions of increased temperature

are known as thermal spikes and have been examined experimental and

computational thoroughly in the past [96, 115–117]. The outline of this process

begins with incident projectiles (in our case 10 MeV to 20 MeV maximum energy

protons) traversing through an absorbing material (water) and transferring heat

via energy loss mechanisms (Section 2.6). The majority of the localised

temperature increase is caused by proton induced secondary electrons thermalising

in the medium. These charge carriers can exist within 10 nm of the protons

trajectory, and are significantly larger in the vicinity of the proton Bragg peak

[115]. These localised regions of high temperatures have the potential to cause

extensive changes within the material and greatly increase the rates of different

physical and chemical processes, including those that take place during radiolysis.

With the deposit of a high instantaneous dose and the occurrence of thermal

spikes, steep energy density gradients around the proton track are certain. As a

result water molecules are pushed radially outwards from the ions trajectory. This

forms a nano scale cavity around the protons path causing a delay in the electron

solvation process in water. This could be the underlying cause of prolonged

opacity termination displayed in Figure 5.4a.

Classical molecular dynamics (MD) simulations carried out by P. de Vera provides
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Figure 5.5: Molecular dynamics simulations of protons propagating through water.
Measurements of H2O density as a function of track radius were taken before the
Bragg region (a) and inside the Bragg region (b).
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Figure 5.6: Schematic diagram showing nanocavitation within liquid water. As
protons propagate outside the Bragg region (i) solvated electron formation can
occur because the value of proton stopping is low. Inside the Bragg region (ii)
a nanocavition forms within the water, creating a boundary that lasts for 10’s of
picoseconds, in which electron solvation can no longer transpire.

evidence of this occurrence in the Bragg region of proton irradiated water with

matching parameters to our experimental set-up. Figure 5.5 compares some results

of these MD simulations showing the thermal effects of protons on surrounding water

molecules at different stages of their propagation. 5.5a shows a negligible change in

density of H2O molecules as a function of radius from the centre of the track (r =

0 nm for 1 MeV protons. Once these protons reach their Bragg peak however, now

with a characteristic energy of 80 keV, the heat energy from a thermal spike relays

a sizeable degree of kinetic energy to surrounding water molecules, pushing them

radially away from the track region by ∼1.5 nm over ∼30 ps. This effect is shown in
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Figure 5.5b. A physical picture of the formation of this nanoscale cavitation is give in

Figure 5.6. These nanocavities prevent free electrons from thermalising and solvating

as they have no surrounding water molecules to assist in the trapping process. We

believe that this phenomena plays a crucial part in prolonging the Bragg region in

the results presented earlier in this chapter. It appears that free electrons in proton

irradiated water experience a highly dynamic phase that is currently neglected across

computational models and proton stopping data that has the potential to link a

proton beams initial dose distribution and its physio-chemical stages of radiolysis.

5.4.2 Change in Dielectric Constant

While taking into account the localised environment created by the proton

trajectory through water, the resultant behaviour of the surrounding water

molecules should also be taken into consideration. Various studies have been

previously dedicated to examining the behaviour of water when exposed to

changing conditions. An example of this includes how the dielectric constant, ε ,

changes between bulk H2O and inter-facial H2O [118]. This research states that

the molecular movement of water molecules becomes restricted at different

interfaces. For example, water molecules that exist in the bulk of a body of water

(liquid-liquid interface) will experience a large dielectric effect (ε ∼ 80), while

water molecules that exist at a boundary between water and air (liquid-gas

interface) will experience a much smaller dielectric effect (ε ∼ 2). This means that

the ability for surrounding water molecules to re-orientate as a result of change in

bulk polarisation would be much more difficult at a liquid-gas interface.

If an interface can be defined as a point where two systems of differing density

meet it is reasonable to assume that the asymmetric charge distribution caused by

the nanocavitation effect described in the previous section forms a series of

nanoscale boundaries within bulk H2O. As a result of proton propagation, the

dielectric constant of our 1 cm3 water samples becomes heterogeneous. The electric
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polarisabilty of water molecules within close range of the proton track reduces

substantially with respect to that of bulk water molecules. This phenomena could

potentially extend solvation times by a factor of 40, assuming there is a direct

linear relationship between between ε and and time of polarisation response. We

believe that this dynamic disruption in the localised value of ε in bulk H2O via

proton induced nanocavitation, underpins the temporal spread of electron

solvation dynamics in the Bragg region displayed in Figure 5.4a

5.5 Summary

In this chapter we have explored how the solvated electron dynamics in the

immediate aftermath of ionisation by protons can, in principle, bear witness to

rapid nanostructuring of liquid water. We witness this phenomena by tracking real

time localised dynamics in response to proton ionisation. An unexpected

broadening in the Bragg peak region of the proton trajectory is recorded. We

believe that this effect is caused by multiple ultra-fast processes that are

kick-started by the high kinetic energy transfer from incident proton pulses to

surrounding water molecules, leading to the formation of nanoscale boundaries

that in turn create a dynamic, inhomogeneous dielectric response in the bulk

medium. The inability for the water molecules to freely respond to the change in

polarisation of the sample results in a retardation in the electron solvation process,

explaining why we see a delay in water recovery to proton ionisation.



Chapter 6

Multi-wavelength Probing of

Water Radiolysis

In the the preceding chapters we have inspected the ultra-fast, real time response

of different transparent materials to various forms of damage inducing ionising

radiation. These investigations have provided insight into localised, nanoscopic

material response as well as reaction pathways that are exclusive to ultra-fast time

scales. In this chapter we capitalise the methodology even further and extend this

work to the simultaneous, real time observations of the formation and evolution of

multiple radiolytic by-products in pristine water samples under ultra-fast time

scales using laser accelerated ions in synchronisation with a multiple wavelength

chirped optical probe.

6.1 The Hydroxyl Radical

There are many substances in existence that are highly reactive in nature, some of

which come in the form of free radicals (FRs). In chemistry, FRs are atoms or

molecules that have and unpaired electron in their valence band. The majority of

FRs are highly chemically reactive and have extremely short lifetimes [119]. For

85
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this experimental chapter we draw our focus to one of the most biologically

reactive FRs, the hydroxyl radical (HO·). OH radicals have the highest

one-electron reduction potential, the highest reaction rate constant, react more

aggressively with, and cause more damage to organic and inorganic molecules than

any other oxidant. They have copious applications in numerous fields including

advanced oxidation processes for the destruction of organic pollutants [120, 121],

the treatment of drinking water [122], air purification [123] and induction of the

disintegration of double helix structures in DNA [124]. For the motivations behind

this thesis the final application is the most significant due to the joint contribution

that e−aq and HO· make towards irreparable damage to DNA in the form of double

strand breaks (DSB), an essential process for numerous applications in radiation

biology.

The macroscopic picture of the chemical processes that result in the formation of

the radiolytic by-products is provided in Figure 5.1, specific mechanisms are outlined

below in Equations 6.1, 6.2 and 6.3 that demonstrate where solvated electron and

hydroxyl formation take place.

H2O++ H2O → H3O++ HO· (6.1)

H2O∗ → HO · + H· (6.2)

e− → e−aq (6.3)

The physical stage of water radiolysis occurs over 1 fs and involves energy

deposition as well as fast relaxation processes that are responsible for creating

ionised water molecules, excited water molecules and sub-excited electrons. The

physio-chemical stage takes place in the fs to ps time range and involves

ion-molecule interactions (6.1), dissociative relaxation (6.2) and electron solvation

(6.3). Finally, the process of water radiolysis approaches the chemical stage where

all species react around their tracks and diffuse into solution. This stage takes
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some amount of time between ps and µs. The sequence of events in the

physio-chemical stage are not well established experimentally. The trailing edge of

these events fall within the temporal resolution of our pump probe procedure (ps),

providing one of the first ever experimental gateways into examining the

physio-chemical stage of radiolysis in pristine liquid samples in real time. The

outline for this procedure is provided in Chapter 3 and the results of which are

reported in the next section of this chapter.

6.2 Multi-coloured Probing

In this section we present the first ever recording of the multi-wavelength imaging

of x-ray induced radiolysis of pristine H2O. The methodology described in Sections

3.2.1 and 3.2.2 were deployed using both TARANIS and Astra Gemini laser systems.

The first set of results presented in Figure 6.1, were produced using the TARANIS

laser system with a dual chirped optical probe consisting of λω = 1053 nm and λ2ω =

526 nm laser light which provide temporal windows of 700 ps and 340 ps respectively.

Both wavelengths of probe light are heavily absorbed by the formation of a new

species within the water. This is evident by the sharp rise in opacity which exceeds

a depth of 2.5 mm across both probes. The depth of penetration of these particles

confirms that x-rays are responsible for this drop in optical transmission. Knowing

that both 1053 nm and 526 nm light were strongly absorbed is an indication that

this opacity rise is caused by the formation of solvated electrons (e−aq) as a result of

water radiolysis. The opacity rise in λω probe light lasts for 39 ps which is directly

comparable with the 41 ps opacity rise time in the λ2ω probe light. In contrast, λω

experiences a 19 % drop in transmission while λ2ω encounters a more substantial

34 % drop. This higher degree of absorbance experiences by the λ2ω pulse is to be

expected as this wavelength is closer to the peak of the solvated electrons absorption

spectrum (Figure 3.10). This data demonstrates how optical streaking of multiple

wavelengths of chirped laser light can be de-coded simultaneously to give insight



6.2. MULTI-COLOURED PROBING 88

into the formation and evolution of different production species of real time chemical

reactions.

The second set of results presented in Figure 6.2, were produced using the Astra

Gemini laser system at the Rutherford Appleton Laboratory. This system was able

to provide a dual chirped optical probe consisting of λω = 800 nm and λ3ω =

267 nm laser light providing temporal windows of 1.2 ns and ∼ 100 ps respectively.

This provides us with two probe beams that fall into two different absorption

bands of radiolytic species, λω that falls into the absorption band of e−aq and λ3ω

that falls into the absorption band of HO·. Therefore, Figure 6.2 represents the

first recording of the formation and evolution of multiple by products of radiolysis

in pristine liquid water, in real time and with picosecond resolution. Due to the

higher power provided by the Astra Gemini laser system, a higher flux of protons

(>20 µm−1 ps−1) was more easily attainable. This resulted in the λω providing a

view of x-ray induced radiolysis at 50.7 ps and proton induced radiolysis at

336.3 ps with Emax ∼ 11 MeV. Both processes can be clearly seen by two distinct

drops in opacity displayed in Figure 6.2c. The 267 nm data in this plot has been

scaled and matched to the better established λω data for ease of viewing. It is

important to note that absolute timings between 6.2a and b were not conclusive

and assumptions have been made to propose an accurate approximation of the

proton induced opacity for the λ3ω streak. During experiment both the original

probe and all frequency converted pulses remained overlapped spatially and

temporally so proton opacity onsets could be expected simultaneously. The optical

streak data from 6.2a and b has been normalised and filtered for visual

enhancement. The extinction coefficients of the solvated electron and the hydroxyl

radical in liquid water are 2250 M−1 cm−1 and 575 M−1 cm−1 respectively

[125, 126]. This would suggest that the drop in transmission caused by e−aq should

be ∼ 4 times greater than that caused by OH·.

All of these observations and recordings show that we have successfully

developed a novel method for recording the ultra-fast formation and evolution of
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Figure 6.1: Image showing x-ray induced opacity in H2O across two optical probe
wavelengths, (a) λω = 1053 nm and (b) λ2ω = 527 nm, using the TARANIS laser
system at Queen’s University Belfast. The data lines plotted in part (c) are taken
from their corresponding optical streaks as indicted by the dashed, horizontal lines.
In part (c), raw experimental data is represented by points while solid lines show
the moving average.
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Figure 6.2: Image (a) showing x-ray and proton induced opacity in H2O for
optical probe light with λω = 800 nm. Also shown is (b) the proton induced opacity
for optical probe light with λ3ω = 267 nm. Both optical streaks were recorded
simultaneously using the Astra Gemini laser facility and data taken from the front
surface of the sample. In part (c), raw experimental data is represented by points
while solid lines show the moving average. Horizontal dashed lines where the raw
lineout data was taken can not be seen in parts (a) and (b) because they are located
at the first pixel.
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the solvated electron at different parts of its absorption band. This technique was

developed even further to observe the ultra-fast formation and evolution of

multiple resultant products of radiolysis in pristine H2O simultaneously and in real

time. These by-products include the solvated electron and the hydroxyl radical,

but could be extended once more to observe the formation of other species which

possess their own discrete absorption bands, provided the frequency conversion

elements exist to obtain such a wavelength of probe light. An example species

might include hydrogen peroxide (H2O2), probably the most stable oxidising

by-product formed during the radiolysis of water, whose fundamental behaviour

during this process is relatively unknown [127], and absorbs ultra-violet radiation

between 185 nm and 220 nm[128].

6.3 Limitations and Future Enhancements

Some difficulties encountered during the execution of this experimental procedure

were brought up previously in Section 3.2.2 of Chapter 3. Here we are going to briefly

outline several well known elements that might be responsible for the degraded probe

pulse profile shown in Figures 3.14b and 6.2b as a result of frequency conversion and

how they could be avoided during any future experimentation.

There are countless experimental examples in literature where researchers use

similar laser manipulation techniques to achieve a similar goal to our own. This is

because these conversion methods give us access to a spectral gap in visible-UV

light for which there are no convenient laser sources available. The initial reports

of second harmonic, sum, and difference frequency generations were hindered due

to lack of appropriately advanced laser technologies and non-linear crystal media

[129–131]. With time not only were the peak power and beam quality of pump

lasers improved, but so were the the non-linear materials used at the centre of the

conversion process. A few examples of these developments in new crystal

technologies responsible for making frequency conversion more achievable include
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the induction of borates such as BBO [132], LBO and BiBO [133], into the optical

chain of the fundamental pump pulse. Some of the qualities possessed by these

non-linear crystal media that make them desirable for SHG and SFG include wide

transparency ranges, large non-linear susceptibilities, birefringence, temperature

tunability, mechanical stability and high damage thresholds to name a few. The

most significant appeal for using lithium and barium borates for an application

such as ours is due to their reputation in achieving phase matched conversion into

the UV region and their ability to transmit wavelengths in the same range

(<200 nm).

A few reports of effective SFG will now be highlighted and compared directly

with that reported in this Chapter. The first is the single crystal, third harmonic

conversion of a sub-100 fs laser pulse with TWcm−2 intensity reported by Miyata

et al. [133]. Here they use BiB3O6 to convert 2169 nm light into 723 nm light and

achieve conversion efficiencies as high as 11%. The first recorded achievement of

SFG below 210 nm using BBO was reported by K. Kato [132], where they used

fundamental and SHG pulses of a 532.1 nm laser source to obtain a converted pulse

of 204.8 nm with an efficiency of 17%. This was the shortest wavelength of light

obtained by frequency doubling via non-linear crystal media at the time. Lastly we

highlight the exciting development of a single element frequency tripler by Kardaś

et al [134]. In this report they the more conventional laboratory set-up consisting of

cascading non-linear conversion elements in the form of one BBO crystal for SHG

followed by an LBO (lithium triobate) element for SFG, is compared with a single

element configuration of the same components all placed within a single laser beam

focus. It is reported that the conventional set-up achieved maximum efficiencies of

10%, while the single element tripler yielded efficiencies that exceeded 30%. Mean

while, in house simulations at the Astra Gemini Facility estimated efficiencies of

∼8.2% and ∼6% for our SHG and SFG respectively for our experiment. Without

having access to these calculations it is difficult to assess what parameters need

direct improvement. Also, appropriate diagnostic measures were not taken during
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execution of the experiment to determine conversion efficiencies directly.

It is important to consider several of the well-known mitigating factors that are

notorious contributors to low conversion efficiencies and the poor quality profiles of

second harmonic and sum-frequency generated pulses. First and foremost it is

essential that the fundamental laser pulse acting as the primary pump source has

optimal spatial beam qualities including uniform intensity and phase distribution.

It is also necessary for the fundamental pulse to have a sufficiently high optical

intensities. With this particular prerequisite comes other factors that need to be

considered, such as the damage threshold of all optics, and changes in the local

refractive index of the crystal medium due to third order non-linear susceptibility

affecting the spatial characteristics of the beam. These factors have a known

impact on the capabilities of SHG alone and can only be expected to have further

detrimental effects when adding a secondary crystal medium for SFG. In this case

there are now two input pump waves that behave independent of each other,

meaning they may focus at different points, could propagate in different directions

and could pass through the converting crystal at different positions. It has been

shown experimentally and computationally that it only takes small amounts of

central frequency wave-vector mismatch or phase modulation to limit the efficiency

of harmonic generation [135]. Any amount of chirp within the fundamental pulse

has a negative effect on conversion efficiency and the beam quality of the converted

pulse. Considering that our method requires the use of a chirped optical probe of

varying durations, a lower order of frequency conversion would appear

unavoidable. Finally, phase matching in BBO (the non-linear crystal of choice in

this case) requires adjustment of crystal orientation and angular tuning, which is

also not ideal of optimising conversion efficiencies.

All of the details mentioned here have indefinitely influenced the low conversion

efficiency and poor spatial beam profiles of our sum frequency and second harmonic

generated pulses. In order to fully exploit the capabilities of this method, numerical

modelling would need to be executed to obtain optimum experimental parameters.
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Figure 6.3: Schematic diagram with suggested improvement to the Frequency
Conversion point outlined in Chapter 3, Section 3.2.3. The alterations include down
collimating the chirped probe beam before it enters the target area, focusing the
pulse within the crystals themselves, and using LBO for SHG instead of BBO.

These limitations need to be rectified in order to fully observe the ultrafast dynamics

of the formation and evolution of the hydroxyl radical in x-ray and proton irradiated

water.

Figure 6.3 shows a revised optical set-up for the third harmonic generation of

laser light within the 800 nm to 1053 nm wavelength range and is based upon the

idea that the probe pulse would be down collimated to an appropriate beam size

before entering the target area. The intention of this proposed optical set-up would

be to improve the overall spatial qualities of the 2ω and 3ω beam profiles with

less emphasis on improving the conversion efficiency. This is because huge power

densities of the optical probe are not required for the basis of our experiment, though

it is possible that these adjustments to the frequency conversion point (Figure 3.11)

has the potential of doubling the efficiency value predicted previously. The main

alterations made include the replacement of the first BBO crystal with LBO. Though

BBO displays greater non-linear susceptibility and has little to no dependence on

thermal effects, LBO offers up to 7 times less spatial walk off meaning that its

use would result in better spatial and temporal overlap of the fundamental and

2ω beams. For both SHG and SFG processes the pump laser pulses are focused at

approximately the centre of the crystals rather in vacuum to allow for more thorough

frequency mixing.
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Outside of improving the spatial profile of the converted pulses, there are other

elements to the experiment that could also be improved upon. These next steps

would involve obtaining relative timings between the optical probes. This could be

done by taking measures to better stabilise the frequency converted probe beam

and tracking the change in material response relative to optical delay. This could

be done by decreasing the amount of phase mismatch for more efficient second

harmonic and sum frequency generation, and by using samples of lithium niobate

or borosilicate glass which have characteristic and very pronounced optical

responses to damaging radiation. Another potential advantageous development

would be developing a method for measuring and tracking the concentration of the

radiolytic by-products produced as a result of both x-ray and proton radiation.

6.4 Summary

In this chapter we have demonstrated the capabilities of our experimental procedure

to be expanded for the observation of ultra-fast ionisation dynamics of multiple

radiolytic species in H2O. To the best of our knowledge, we present the first record

of observing the formation of solvated electrons and hydroxyl radicals in irradiated

water in real time. Due to time constraints and experimental limitations the results

shown don’t live up to the full potential of the experiment. Suggestions have been

made around how the procedure could be further improved.



Chapter 7

Conclusions

An in-depth analysis into how materials respond to ionising radiation across ultra-

fast time scales and nanoscopic scale lengths has been disclosed. This chapter will

summarise the main scientific results obtained throughout the authors PhD studies

that are reported in this thesis.

Chapter 4 demonstrates how differing electron spectra from x-ray and proton

interactions with matter create a means by which localised and delocalised states

in a medium can be explored. While 0.1 keV to 100 keV electrons lose their energy

via impact ionisations within condensed matter, electrons with sub-excitation

energies must interact with phonons before they can reach equilibrium. This

phenomena combined with the direct comparison of electron recombination in bulk

and nanostructured forms of silicon dioxide allows us to probe the boundary

between the two. Electrons excited into the conduction band have a recombination

time that is over 150 times greater in 0.26 gcm−3 nanostructured silica aerogel

than in 2.66 gcm−3 bulk fused silica. While bulk SiO2 agrees reasonably well with

the macroscopic prediction of τc ∝ ρ−1
av , SiO2 below the nanostructure boundary of

ρ−1
av < 0.5 gcm−3 does not. Silicon dioxide with characteristic heterogeneity on the

nanoscale has a significantly longer electron recovery time due to unexpected

particle-lattice dynamics that take place.
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In chapter 5 the localised dynamics of real time, proton induced, water radiolysis

are explored. Significant results reported in this chapter include the observations

of solvated electron formation, and therefore energy deposition, beyond the proton

Bragg Peak where Emax protons have been stopped. This extension in dose-depth

distribution is attributed to proton induced x-ray emission at the Bragg region.

In addition to this, a prolonged temporal feature, one that is more than 10 times

greater than expected, appears on either side of the Bragg region is also recorded.

The phenomena responsible for this uncharacteristic feature begins with the transfer

of a large amount of kinetic energy from incident protons to surrounding water

molecules in this region. This leads to the development of a nanocavity within

bulk H2O and in turn an inhomogeneous dielectric response of water molecules that

delays the electron solvation process.

The experimental methodologies are adapted in chapter 6 to further

investigations into ultra-fast, localised radiolysis dynamics. This is achieved by the

addition of a frequency conversion point that produces a multiple wavelength,

chirped optical. This allows for transient absorption observations to take place of

multiple radiolytic species at anyone one time. Probe wavelengths of 800 nm and

267 nm were purposefully obtained as the fall with the absorption bands of e−aq and

OH· respectively. In this chapter, the first set of results containing the physical

recording of the formation and evolution of both solvated electrons and hydroxyl

radicals in pristine, ultra-pure, proton irradiated samples of water in real time are

presented. Due to unavoidable experimental set-backs, improvements to this

experimental procedure are also included in this chapter.

All of these investigations highlight the importance of obtaining an in-depth

understanding of how different materials respond to different forms of ionising

radiation across ultra-fast, picosecond to femtosecond time scales and how the

materials structure on the nanoscale contributes to these phenomena. Without

this intelligence we can never fully understand or be able to fully predict material

behaviour.
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“On the exciton model for ion-beam damage: The example of TiO2,” Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms, vol. 268, no. 19, pp. 3122–3126, 2010.

[105] N. Itoh, D. M. Duffy, S. Khakshouri, and A. M. Stoneham, “Making tracks:
electronic excitation roles in forming swift heavy ion tracks,” Journal of
Physics: Condensed Matter, vol. 21, no. 47, p. 474205, nov 2009.

[106] K. Siefermann, Y. Liu, E. Lugovoy, O. Link, M. Faubel, U. Buck, B. Winter,
and B. Abel, “Binding energies, lifetimes and implications of bulk and interface
solvated electrons in water,” Nature chemistry, vol. 2, pp. 274–9, 04 2010.

[107] K. Yokoyama, C. Silva, D. H. Son, P. K. Walhout, and P. F. Barbara, “Detailed
investigation of the femtosecond pump-probe spectroscopy of the hydrated
electron,” The Journal of Physical Chemistry A, vol. 102, no. 35, pp. 6957–
6966, 1998.

[108] I. M. Govil, “Proton induced x-ray emission – a tool for non-destructive trace
element analysis,” Current Science, vol. 80, no. 12, pp. 1542–1549, 2001.

[109] J. Kirz, D. Attwood, B. Henke, M. Howells, K. Kennedy, and
K. Kim, “Center for x-ray optics, x-ray data booklet.” [Online]. Available:
https://escholarship.org/uc/item/6wk1b78t

[110] M. Murakami, Y. Hishikawa, S. Miyajima, Y. Okazaki, K. L. Sutherland,
M. Abe, S. V. Bulanov, H. Daido, T. Z. Esirkepov, J. Koga, M. Yamagiwa, and
T. Tajima, “Radiotherapy using a laser proton accelerator,” AIP Conference
Proceedings, vol. 1024, no. 1, 6 2008.

[111] X. Tian, K. Liu, Y. Hou, J. Cheng, and J. Zhang, “The evolution of proton
beam therapy: Current and future status,” Mol. Clin. Oncol, vol. 8, no. 1, pp.



BIBLIOGRAPHY 108

15–21, 2018.

[112] V. Bashkirov, R. Schulte, G. Coutrakon, B. Erdelyi, K. Wong, H. Sadrozinski,
S. Penfold, A. Rosenfeld, S. McAllister, and K. Schubert, “Development
of proton computed tomography for applications in proton therapy,” AIP
Conference Proceedings, vol. 1099, no. 1, pp. 460–463, 2009.

[113] V. Scuderi, S. Bijan Jia, M. Carpinelli, G. Cirrone, G. Cuttone, G. Korn,
T. Licciardello, M. Maggiore, D. Margarone, P. Pisciotta, F. Romano,
F. Schillaci, C. Stancampiano, and A. Tramontana, “Development of an
energy selector system for laser-driven proton beam applications,” Nuclear
Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, vol. 740, pp. 87–93, 2014,
proceedings of the first European Advanced Accelerator Concepts Workshop
2013.

[114] A. Bettiol, T. Sum, F. Cheong, C. Sow, S. Venugopal Rao, J. van Kan,
E. Teo, K. Ansari, and F. Watt, “A progress review of proton beam writing
applications in microphotonics,” Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms, vol. 231,
no. 1, pp. 364–371, 2005.

[115] M. Toulemonde, E. Surdutovich, and A. Solov’yov, “Temperature and pressure
spikes in ion-beam cancer therapy,” Physical review. E, Statistical, nonlinear,
and soft matter physics, vol. 80, p. 031913, 09 2009.

[116] C. J. Hochanadel, “Evidence for ”thermal spikes” in the alpha-particle
radiolysis of nitrate crystals,” Radiation Research, vol. 16, no. 3, pp. 286–302,
1962.

[117] W. Primak, “Experimental evidence for thermal spikes in radiation damage,”
Phys. Rev., vol. 98, pp. 1854–1855, Jun 1955.

[118] L. Fumagalli, A. Esfandiar, R. Fabregas, S. Hu, P. Ares, A. Janardanan,
Q. Yang, B. Radha, T. Taniguchi, K. Watanabe, G. Gomila, K. S. Novoselov,
and A. K. Geim, “Anomalously low dielectric constant of confined water,”
Science, vol. 360, no. 6395, pp. 1339–1342, 2018.

[119] A. Phaniendra, D. Jestadi, and L. Periyasamy, “Free radicals: properties,
sources, targets, and their implication in various diseases,” Indian J Clin
Biochem, vol. 30, no. 1, p. 11–26.

[120] J. L. Wang and L. J. Xu, “Advanced oxidation processes for wastewater
treatment: Formation of hydroxyl radical and application,” Critical Reviews
in Environmental Science and Technology, vol. 42, no. 3, pp. 251–325, 2012.

[121] Y. Nosaka and A. Nosaka, “Understanding hydroxyl radical (·OH) generation
processes in photocatalysis,” ACS Energy Letters, vol. 1, no. 2, pp. 356–359,



BIBLIOGRAPHY 109

2016.

[122] D. Sun and R. Hu, “Application of hydroxyl radical oxidation in drinking
water treatment,” Journal of Qinghai Environment, p. 110 –112, 2004.
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