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Abstract

Photomultiplier tubes (PMTs) play a crucial role in various research fields, particularly

in particle physics, where they serve as highly sensitive detectors for light. These

experiments often occur in environments with extreme radiation levels, exposing PMT

components to prolonged radiation damage that can degrade their performance over

time.

A critical element in the PMT structure is the dynode system, which facilitates signal

amplification through the secondary electron yield (SEY) mechanism. SEY is funda-

mental to enhancing the initial photoelectron signal, making it essential to the detection

process. Therefore, materials used for dynodes must not only exhibit a high SEY but

also possess significant radiation hardness to ensure long-term stability and minimize

frequent replacements.

In this study, Aluminum Oxide (Al2O3) and Magnesium Oxide (MgO) were selected

for evaluation based on their potential to meet these criteria. The materials were

subjected to controlled gamma irradiation from a Co-60 source at varying doses. The-

oretical Monte Carlo simulations were conducted to assess the radiation damage in

terms of displacements per atom (DPA), while SEY measurements were performed

post-irradiation to quantify the impact of the radiation exposure on the SEY of the

Al2O3 and MgO samples.

SEY measurements were conducted at the 6 MeV Tandem Accelerator at the iThemba

Laboratory for Accelerator-Based Sciences (LABS) in Johannesburg. The existing mi-

croprobe setup was adapted to enable electronic measurements of SEY from MgO and

Al2O3 samples across different radiation doses. These adaptations allowed for precise

quantification of SEY variations as a function of absorbed gamma radiation dose.

The results indicate a clear inverse relationship between radiation dose and SEY: as

the radiation dose increases, SEY decreases. This degradation is attributed to ionizing

events induced by gamma rays, leading to the formation of vacancies and interstitial

defects within the material. These structural defects alter the electronic properties of
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the dynodes, ultimately reducing their amplification efficiency (SEY).

This study provides valuable insights into the radiation tolerance of dynode materials

and highlights the importance of selecting robust materials to enhance the longevity

and reliability of PMTs in radiation harsh environments.
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Chapter 1

Introduction

In July 2012, both of the two general-purpose particle detectors at the European Orga-

nization for Nuclear Research (CERN), namely, the ATLAS and CMS collaborations,

reported excesses of events in their 2011 datasets of proton-proton collisions. The

centre-of-mass energy of these excess events was
√
s = 7 MeV, which was in the theo-

retical range of standard model Higgs boson production and decay in the mass region

124-126 GeV [1]. This revolutionary measurement was the final piece of the puzzle

when it came to completing the standard model of particle physics.

Discoveries such as the Higgs boson underpin the importance of the electronic systems

present within particle physics detectors, this emphasizes the importance and need of

preserving these electronic components of detectors such as the ATLAS. One of these

electrical components are the PMTs which are usually placed at the epicenter of these

experiments. At the heart of these huge experiments (the interaction points) the levels

of radiation are extremely high, for example, during the high luminosity LHC (HL-LHC)

runs planned to begin after 2030, the upgraded inner tracker upgrade (ITk) sensors of

the ATLAS pixel detector are expected to accumulate in excess of 1016 1 MeV neq/cm
2

(that is to say 1016 1 MeV neutron equivalent particles per squared centimeter) [2].

It stands to reason that electronics placed in detectors such as the ATLAS detector

are exposed to extreme levels of radiation, as such the performance of the electronics

decays as a function of the amount of radiation they are exposed to. During the period

of the LHC Run 1, spanning the years 2011 & 2012 the radiation-induced damage to

the electronics of the LHC was the primary source of accelerator downtime [3].

The photomultiplier tube (PMT) is one of the most significant electronic instruments

in physics experiments today. By amplifying photocurrents, PMTs play a crucial role

in detecting particles (single-photon counting) and enabling researchers to study their
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physical properties in detail, thereby advancing our understanding of the fundamental

aspects of nature.

Since then, PMTs have become ubiquitous in experimental physics, with applications

spanning a multitude of fields. A prominent example is particle physics, where PMTs

are essential for detecting particles and measuring their properties, a role that frequently

intersects with nuclear physics research. Among particle physics experiments, the most

notable is the Large Hadron Collider (LHC) at CERN.

PMTs operate in extremely radiation-harsh environments. In particle and nuclear

physics experiments, electronics are exposed to a wide range of radiation, including

photons, neutrons, and ions. Each of these particles interacts with matter differently,

depending on properties such as charge and energy. However, all of them contribute

to radiation damage, gradually degrading materials and leading to electronic fatigue.

Over time, this degradation results in a decline in overall performance, impacting the

longevity and reliability of these systems.

1.1 PMT Fundamentals

1.1.1 Quantum Efficiency

PMTs are typically devices that are comprised of an evacuated glass housing unit, which

contains a photocathode as well as an anode. As mentioned in the introduction of this

work, the PMT has been used in physics experiments since the 1930’s, as such they

have been optimised and perfected over the course of their existence. The quantum

efficiency of a photodetector can be described as follows:

When ionising radiation interacts with a scintillating material, it results in the emission

of photons, which are subsequently detected by photomultiplier tubes (PMTs). The

photons strike the photocathode of the PMT, and if their energy exceeds the work

function of the material, they transfer this energy to electrons within the photocathode,

resulting in the emission of electrons. This process, known as the photoelectric effect,

is governed by the following equation:

E = hν − Eb (1.1)

Where E is the energy imparted to the electron, h is Planck’s constant, ν is the fre-

quency of the light and Eb is the work function of the photocathode (this will be

explained in further detail). This equation relates how an electron in the photocathode

is excited from the conduction band into the vacuum of the PMT. Not all photons
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are converted into photoelectrons. To determine the quantum efficiency involved in

the interaction first the radiant sensitivity must be derived (the photoelectric current

divided by the incident radiant flux [4]). The radiant sensitivity is characterised by the

following equation:

Sk =
Ik
Lp

(1.2)

Where Ik is given by the is the photocurrent of the PMT and Lp is the incident radiant

flux at the wavelength of interest [4]. Once the radiant sensitivity is known the quantum

efficiency can be determined using the following relation:

η =
h · c
λ · e

· Sk (1.3)

Where η is the quantum efficiency, λ is the wavelength of the incident light, c is the

speed of light and e is the fundamental charge of the electron [4]. The quantum efficiency

of a PMT is one important characteristic of the working mechanics of the PMT.

1.1.2 Secondary Electron Emission

Quantum efficiency is a fundamental aspect of a photomultiplier tube (PMT), but the

true power of a PMT lies in its ability to amplify the initial signal to a measurable

level. When a photoelectron is generated at the photocathode, it is directed toward

the first dynode. A PMT contains several dynodes, each at a progressively higher

electrical potential. Dynodes are typically made of, or coated with, materials that have

a low work function [5]. As the primary electrons from the photocathode, or secondary

electrons from previous dynodes, strike the dynodes, secondary electrons are emitted

due to the low work function. With each successive dynode having a higher electrical

potential, the number of secondary electrons produced increases between successive

dynodes, creating a cascade effect that significantly amplifies the original signal.
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Figure 1.1: Photomultiplier tube.

Figure 1.1 illustrates the process of an incident photon striking the photocathode, where

its energy is subsequently transferred to an electron in the photocathode, resulting in

the emission of a photoelectron. The figure then shows the subsequent amplification of

this electron as it travels through the series of dynodes, where secondary electron emis-

sion occurs and increases at each stage due to the increasing electrical potential. This

cascade effect continues until the electron reaches the anode, where the amplified signal

is then directed through the connector pins for measurement and further processing.

Figure extracted from [6].

1.1.3 Radiation Harsh Environments

Experiments in experimental physics often involve the production and study of intense

radiation, utilizing electronic devices like PMTs to measure various phenomena. Due

to the extreme radiation environments, these electronic components are expected to

deteriorate over time.

Physics experiments frequently push these components to their limits. For instance,

the KM3NeT experiment which plans to employ over 6,000 photodetection modules,

each containing 31 PMTs [7]. This is just one example among many that highlight the

widespread use of PMTs in experimental physics.

Radiation harsh environments and high energy physics measurements are ubiquitous

with one another, thus the need for radiation-hard electronics is of great importance.

1.1.4 ATLAS Detector

The ATLAS detector, and specifically the ATLAS Tile Hadron Calorimeter (TileCal),

generates a vast amount of data regarding the health and performance of its PMTs.
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This section will emphasize the importance of PMTs and their radiation hardness.

Located at the heart of the ATLAS experiment at the LHC, TileCal exemplifies the

crucial role PMTs play in particle physics. The entire ATLAS detector stands 25 meters

tall, extends 44 meters in length, and weighs approximately 7,000 tons [8]. TileCal

is a sampling calorimeter that uses iron plates as the absorber material and plastic

scintillating tiles as the active material (The material that emits photons when energy

is deposited by charged particles interacting with it) [9]. When charged particles pass

through the calorimeter, they produce scintillation light in the tiles. This light is then

carried by wavelength-shifting optical fibers to approximately 10,000 PMTs, where it

is detected and analyzed [9].

The LHC has four main interaction points: the locations in the LHC where the proton

or heavy ion beams collide at extremely high energies. During proton-proton (pp)

collisions the energy at interaction is 13.6 TeV [1]. During these interactions decay

products produced by pp collisions are created, these products as well as the initial

protons eventually interact with the surrounding matter [10]. The high energies of the

decay products and the initial protons create an extremely harsh radiation environment

for the surrounding matter (including PMTs).

Due to the harsh radiation environments present at particle detectors such as the AT-

LAS experiment, the electronics (particularly those closest to the epicenter of collisions)

responsible for particle detection decay with time. The TileCal undergoes various re-

sponse measurements such as the Laser calibration system which measures the response

variation of a PMT relative to the day the PMT was installed [11]. The ”down-drift”

of PMT response, shown by measurements such as the Laser calibration system finds

that PMTs in radiation harsh environments such as the ATLAS detector exhibit an

exponential decay in performance [11].

The main parameter that can be used to measure the decay of response of a PMT is

known as the gain. The gain of a PMT refers to the multiplication factor by which the

initial number of photoelectrons generated at the photocathode is increased as they

cascade through the dynodes (this will be more clearly outlined in section 3.3). The

loss of gain of a PMT is indicative of the degree of radiation damage the PMT has

undergone. If a PMT has n dynodes with an average electron gain of N per dynode,

the overall gain [5] is given by:

G = Nn (1.4)
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Figure 1.2: Response down-drift of innermost tiles in the ATLAS TileCal [11]. This figure
shows the response of a PMT relative to the total integrated delivered luminosity. This figure
demonstrates the down-drift of a PMT in a radiation-harsh environment.

Figure 1.3: Response variation in the PMTs used in the TileCal.

Figure 1.3 demonstrates the mean response variation in the PMTs for both the TileCals

Long Barrel and the TileCals extended barrier. This figure was generated using the

entire dataset generated by pp collisions during the 2018 data-taking period [12]. The

innermost PMTs of the ATLAS TileCal experience the greatest loss in response varia-

tion (gain). This is due to the fact that these PMTs are closest to the interaction point

and demonstrate the relationship between the decay of variation and the absorbed dose

of the PMT.

6



1.2 Aims and Objectives

Photomultiplier tubes (PMTs) play a crucial role in particle physics experiments. How-

ever, these experiments often involve extremely high levels of radiation, which can sig-

nificantly degrade the performance of electronic systems, including PMTs. This study

examines how radiation exposure impacts the materials used in the construction of a

PMT, with a specific focus on the dynodes. Dynodes are critical components of a PMT,

responsible for amplifying the photocurrent by secondary electron emission. Specifi-

cally, it examines how the electron emission efficiency of the dynodes diminishes as a

function of the radiation dose, as detailed further in Chapter 3.

Below is a list of questions that forms the basis of this study:

• How does the interaction of radiation with matter influence the properties of

materials?

• In what ways does the interaction of radiation with matter impact electronic

components?

• How does the interaction of radiation with matter affect the electron emission

properties of a PMT dynode and the materials commonly used in its construction?
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Chapter 2

Interactions of Radiation With

Matter

All particles present in high-energy physics experiments, whether they are primary par-

ticles or decay products resulting from their interactions, will eventually interact with

the surrounding matter [10]. Understanding these interactions is crucial for interpret-

ing experimental results, optimizing detector performance, and assessing the effects of

radiation on materials in the form of defects. In this section, the interaction of various

particles with matter will be outlined.

2.1 Interactions of Protons With Matter

Protons are subatomic particles that belong to a family of particles known as hadrons.

Hadrons are composed of 2 up quarks and a down quark. The up quark has a charge

of +2
3e, with the down quark having a charge of −1

3e amounting to the total charge of

the proton: +1e. Since the proton has a positive charge and is relatively massive (mp

= 1.67262192 · 10−27 kg) it experiences both atomic interactions, mediated through

the electromagnetic force, as well as interactions mediated by the strong force.

2.1.1 Atomic Excitations

Due to the charged nature of protons, they interact primarily through Coulomb forces

with the orbital electrons of the target atom [13]. Depending on the magnitude of the

energy imparted by the proton to the target atom, the interaction can result in atomic

excitations. Atomic excitations occur when a charged particle interacts with the target

atom and provides sufficient energy to promote one of the atom’s electrons to a higher

energy state (shell) [14]. The excitation of an atom leads to the atom being in an
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unstable state, which causes the atom to de-excite by emitting a low-energy ultraviolet

photon.

2.1.2 Ionisation

When a proton traverses a material medium, it primarily interacts with the electrons

bound to the atoms of the target. If the energy transferred from the proton to a bound

electron exceeds the ionisation potential of the atom, defined as the minimum energy

required to liberate the electron, the atom becomes ionised:

Eproton ≥ EIonisation (2.1)

The ionisation of an atom leads to an ion pair, that being the electron that has been

stripped away from the atom (secondary electron) and the atom that now has a vacancy

in one of its electron shells. If the secondary electron which forms a part of the ion pair

has sufficient energy to cause further ionisation, this secondary electron is known as a

delta ray [14].

As protons traverse materials, energy loss occurs due to the transfer of the protons’

energy to target atoms. This energy loss is described by the Bethe-Bloch formula,

which quantifies the mean energy loss per unit distance traveled through the material

[15]:

−dE

dx
= 2πNare

2mec
2ρ

Z

A

z2

β2

[
ln

(
2meγ

2ν2Wmax

I2

)
− 2β2 − δ − 2

C

Z

]
(2.2)

The parameters of Equation 2.2 are well established in the literature of high-energy

physics [15].

2.2 Interactions of Electrons With Matter

The mass of the electron (mp = 9.1093837 · 10−31 kg) is roughly 2000 times less smaller

than the mass of the proton. If an electron and a proton have the same momentum,

the electron will have a significantly higher velocity. In addition to the energy transfer

mechanisms that protons undergo when interacting with a material, electrons also

experience another energy loss mechanism due to their small mass: bremsstrahlung

radiation [15]. This occurs alongside the energy loss processes common to both protons

and electrons. Thus the total energy loss of an electron can be expressed by the following

formula:
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(
dE

dx

)
tot

=

(
dE

dx

)
rad

+

(
dE

dx

)
coll

(2.3)

Where the subscripts correspond to the total energy loss, the energy loss caused by

radiation (Bremsstrahlung) and coll which is the energy loss caused by collisional in-

teractions of the electron with the target atom.

2.2.1 Bremsstrahlung Radiation

Bremsstrahlung radiation occurs when a charged particle, most notably an electron, is

decelerated as it moves through a target material. This energy loss results from various

scattering events, as discussed earlier. If a charged particle—specifically an electron in

this context—has energy much greater than its rest energy (Erest = E0 = moc
2), where

m0 is the rest mass, it will emit bremsstrahlung radiation as it traverses the material

[16].

As electrons traverse through a material, they are attracted to the positively charged

nuclei of the material and are decelerated and deflected by Coulombic interactions, this

lost energy which accounts for the deceleration of the electron is emitted in the form

of a low energy photon - this process is known as Bremsstrahlung radiation.

If an electron is accelerated through a potential V, the maximum energy the electron

can reach is given by [16]:

Emax = eV (2.4)

Where e is the unit electronic charge. The maximum energy of the Bremsstrahlung

radiation released from this electron will then also be equal to eV:

Ebrems ≤ Emax = eV (2.5)

Since Bremsstrahlung radiation is photonic, equation 2.8 can be rewritten in the form:

h
c

λ
≤ eV =⇒ λ ≥ hc

eV
(2.6)

Where h is Planck’s constant and c is the speed of light. The minimum wavelength

(λmin - cutoff wavelength for Bremsstrahlung radiation) that will be emitted from the

Bremsstrahlung process is therefore:
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λmin =
hc

eV
(2.7)

2.3 Interactions of Photons With Matter

Photons are charge-less elementary particles of light and electromagnetic radiation.

Since photons are charge-less their interactions are different from their charged coun-

terparts. The main mechanisms for photonic interactions with matter are:

2.3.1 The Photoelectric Effect

The photoelectric effect occurs when an incident photon is completely absorbed by an

atom, resulting in the ejection of one of its bound electrons. In this process, the entire

atom, including its electron cloud, absorbs the photon energy. The photon transfers its

energy to an inner-shell electron, which is then emitted from the atom if the photon’s

energy exceeds the electron’s binding energy. The kinetic energy E of the ejected

photoelectron is given by [15]:

E = hν −B.E. (2.8)

• E is the kinetic energy of the emitted photoelectron

• hν is the energy of the incident photon

• B.E. is the binding energy of the electron within the atom

After the photoelectron is ejected, the atom is left in an excited state due to the inner-

shell vacancy. This vacancy is typically filled by an electron from a higher energy shell,

and the excess energy from this transition is released either as characteristic X-ray

photons or transferred to another electron, which is then emitted as an Auger electron.

The recoil momentum from the ejected photoelectron is absorbed by the much heavier

nucleus, preserving conservation of momentum. This explains why the photoelectric

effect cannot occur with free electrons — doing so would violate energy and momentum

conservation laws.

The probability of the photoelectric effect occurring is highest at low photon energies,

particularly below 0.1 MeV, and increases sharply with atomic number Z, making it

more probable in materials with high atomic number.
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2.3.2 Compton Scattering

Compton scattering is caused by the scattering of photons off of free electrons. With

regards to the interactions of radiation with matter, these electrons will be bound to

atoms, however, if the photon energy is far greater than the binding energy of the

electron (Ephoton ≫ B.E.electron) the electron can be approximately treated as a free

electron [15].

Equation 2.9 is known as the Compton equation and describes how the wavelength of

the incident photon changes due to the interaction of the incident photon and the free

electron which leads to the energy loss of the incident photon.

λ2 − λ1 =
h(1− cos(θ))

mc
(2.9)

Figure 2.1: Compton Scattering process.

Figure 2.1 illustrates how an incident photon interacts with an atomic electron, trans-

ferring energy to it. As a result, the electron is ejected from the atom, and the photon

loses energy and is deflected from its original path [17].
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Figure 2.2: The following gamma-ray spectroscopy measurement displays a phenomenon known
as the Compton Edge [18], this feature is due to the fact that the photons in this region have been
scattered off of the atomic electrons of the target. This edge represents the maximum energy
transfer that an incident photon can impart onto an atomic electron in a single scattering event.

2.3.3 Pair Production

Pair production is the process in which a photon is transformed into an electron-positron

pair. In order for the conservation of momentum and energy to not be violated pair

production is only possible in the presence of a third body which is usually a nucleus

[15]. The minimum energy of the photon required for pair production is tied to the

rest energy of the particles being created. An electron and a positron each have a rest

mass of about 0.511 MeV/c². So, the total rest energy for the pair is:

2 · 0.511MeV = 1.022MeV (2.10)

The pair production process is represented by the following equation [16]:

γ +X → e− + e+ +X∗ (2.11)

• γ denotes the incident photon

• X andX∗ represent the ground state and excited state of the nucleus, respectively

• and e− and e+ signify the electron and positron, respectively
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Figure 2.3: Pair production process.

Figure 2.3 depicts the pair production process, in which an incident photon interacts

with an atomic electron which results in the transformation of the incident photon and

atomic electron into an electron-positron pair.

2.4 Interactions of Neutrons With Matter

The neutron is a subatomic particle that like the photon belongs to the group of families

known as hadrons and as such is comprised of 3 quarks. Unlike the proton the neutron

is comprised of 1 up quark and 2 down quarks, which implies the charge of the neutron

much like its namesake is neutral (1·+2
3e+2·−1

3e). The neutron much like the proton is

relatively massive (mn = 1.674927471 · 10−27), however due to the charge neutrality of

the neutron it is not subject to Coulombic interactions and only partakes in interactions

with atomic nuclei, mediated by the strong force.

The main mechanisms which characterise the interactions of neutrons with matter are

described in the sections below:

2.4.1 Elastic Scattering

Similar to the elastic scattering described earlier, the elastic scattering of a neutron

with a nucleus follows a comparable process. In this interaction, a neutron transfers

a portion of its energy to the atomic nucleus, causing the incident neutron to deflect

and the nucleus to recoil. This mechanism is most probable for high-velocity neutrons

interacting with atomic nuclei with a low atomic number [19].

14



Figure 2.4: Incident neutron with energy En elastically scattering off of the target nucleus, the
result of this interaction is the recoiling of the target nucleus with an energy ER. deflected by
angle θ and the scattered neutron with energy En’ [13].

2.4.2 Inelastic Scattering

In an inelastic scattering process, the incident neutron interacts with an atomic nucleus,

leaving the atomic nucleus in an excited state. This excited atomic nucleus can de-excite

by the emission of a gamma-ray or another form of radiative emission [15]. For an

inelastic collision to occur, the incident neutron must have an energy sufficient enough

to excite the atomic nucleus. This energy is of the order of 1 MeV, if the incident

neutron has an energy less than 1 MeV, only elastic scattering can occur.

2.4.3 Radiative Neutron Capture

Radiative neutron capture is the process in which an incident neutron is ’captured’ by

a target atomic nucleus. The cross-section for neutron capture is approximately given

by:

σ =
1

v
(2.12)

Where v is the velocity of the incident neutron and σ is the cross-section for neutron

capture. It follows that radiative neutron capture is more likely at lower incident

neutron energies. Radiative neutron capture results in the target nucleus being in an

excited state. In order for the atomic nucleus to return to a more stable state the

nucleus will typically emit one or more gamma-rays [15]. The formula that governs

radiative neutron capture is given by:

n+A
Z X →A+1

Z X∗ (2.13)

• n is the incident neutron
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• A
ZX is the target atomic nucleus

• A+1
Z X∗ is the target atomic nucleus which has captured the incident neutron, and

is left in an excited state (denoted by the ∗)

Following this process the atomic nucleus is left in an excited state and therefore has

to de-excite by the emission of a gamma-ray.

A+1
Z X∗ →A+1

Z X + γ (2.14)

Where γ represents the emitted gamma-ray, it should be noted that this γ term may

denote either a single gamma-ray or multiple gamma-rays, depending on the specific

context. Additionally, depending on the context, the nucleus A+1
Z X may undergo β

decay, a process in which a neutron is converted into a proton, or a proton into a

neutron, determined by whichever transformation enables the nucleus to achieve a

more stable configuration.
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Chapter 3

Choice Of Materials And Sample

Preparation

3.1 Key Material Characteristics for Dynode Applica-

tions

Photomultiplier tubes (PMTs) operate in moderate to extremely radiation-harsh envi-

ronments. Therefore, the dynode material used for signal amplification must not only

have a high secondary electron yield (SEY) but also be radiation-hard [20].

When primary photons or electrons strike the dynode, they lose energy through colli-

sions with the dynode’s electrons and ions, producing secondary electrons. At higher

primary electron energies, the electrons travel faster and interact less with the dyn-

ode material, allowing them to penetrate deeper into the dynode. However, secondary

electrons generated deeper within the material are more likely to lose energy before

reaching the surface, resulting in a reduced contribution to the overall secondary elec-

tron yield. As the primary electron interacts with the material, energy is lost during

each interaction and subsequently the interaction time increases, resulting in a higher

yield of secondary electrons. The result of this is that the depth of secondary electron

generation is inversely proportional to the primary electron energy [20].

In the TileCal, photons generated in the plastic scintillators are transmitted to the

PMTs via wavelength-shifting fiber optic cables. Upon reaching the PMTs, these pho-

tons interact with the photocathode, where the photoelectric effect results in the emis-

sion of an electron. The result of this is the acceleration of the electron toward the first

dynode due to the applied voltage, causing the emission of secondary electrons. These

secondary electrons are further directed toward subsequent dynodes, with each stage
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experiencing a voltage gain that facilitates additional secondary electron emission. This

cascading multiplication process ultimately amplifies the signal.

High-energy primary electrons generate many secondary electrons. However, many of

these electrons, generated deep within the dynode, lose the majority of their energy

through scattering processes during transport. As a result, not all of them escape the

dynode surface [20].

Metals have a high electrical conductivity, however, despite this, they are poor electron

emitters. This is because primary electrons striking a metal surface excite electrons

in the conduction band, which then interact and scatter with other electrons. These

secondary electrons lose energy and do not have enough energy to overcome the metal’s

work function, preventing them from escaping the surface [21].

Insulating materials, on the other hand, are more promising candidates for dynodes.

Secondary electrons are generated when primary electrons interact with and excite

valence electrons, promoting them into the conduction band. The lifetime of these

secondary electrons depends on various scattering processes, such as electron-electron,

electron-impurity, and electron-phonon scattering. However, because insulators have

fewer conduction band electrons, secondary electrons experience fewer scattering events,

allowing them to retain more energy and travel farther through the material [20].

Generally, a material that is under consideration for use as a dynode in a PMT should

meet the following criteria [21]:

• High Secondary Electron Yield (SEY): The material should efficiently produce

secondary electrons when struck by primary photons or electrons.

• Transport Efficiency: The material must allow generated secondary electrons to

travel to the surface without significant loss of energy.

• Low Surface Barrier: The material should have a low work function to facilitate

the emission of secondary electrons into a vacuum.

In addition to the criteria mentioned above, a crucial characteristic of an effective dyn-

ode material for use in a PMT is Negative Electron Affinity (NEA). Electron affinity

(EA) (χ) is the energy difference between the vacuum level and an insulator’s or mod-

ified metal surface’s conduction-band minimum, representing the energy needed for

an electron to escape the material [22]. In NEA materials, χ is negative because the

conduction band lies above the vacuum level, allowing electrons to escape without an

energy barrier. This enhances secondary electron production as excited electrons in

the conduction band generated by external sources face minimal scattering due to the
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scarcity of conduction electrons, travel farther, and exit the material efficiently [23].

Figure 3.1: Energy band diagrams, (a) Positive EA (b) Negative EA [24].

Generally, in insulators, there are few electrons in the conduction band. This implies

that fewer scatterings occur between the internally generated secondary electrons and

the conduction electrons. The absence of electron-electron scattering events causes the

secondary electrons to lose less energy as they move through the material, and their

escape depth - the distance which a secondary electron can travel through a material

whilst still maintaining sufficient energy to escape the material becomes larger [23].

Secondary electrons lose energy through two primary scattering interactions: scattering

with valence electrons and scattering with atomic lattice vibrations [21].

When a secondary electron interacts with the material’s valence electrons, it transfers

energy, causing the valence electrons to be excited into the conduction band. However,

in insulators, materials characterized by a wide band gap—secondary electrons with

kinetic energy less than the band gap energy, Egap, cannot participate in secondary

electron-electron interactions. This limitation arises because the energy required for a

secondary electron to excite a valence electron must meet or exceed Egap.

Lattice vibration scattering becomes the dominant process when the secondary electron

energy is below Egap. In this scenario, low-energy secondary electrons transfer energy to

the material’s lattice, losing their own energy in the process. However, these electrons

generally lack sufficient energy to escape the material [21].
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3.2 List of Materials To Be Used:

3.2.1 Magnesium Oxide:

In this study MgO was selected as a candidate material a dynode could be constructed

out of or coated with, the reason for this selection is as follows:

• The SEY of MgO varies in literature, typically ranging from 5 to 12 secondary

electrons per incident particle [25]. This high SEY property makes MgO suitable

for various applications, such as increasing the efficiency of channel electron mul-

tipliers which were found to have an improvement factor of 3 when coated with

MgO [26]. MgO is also known as a moderately radiation hard material and only

exhibits degradation at high doses [27].

3.2.2 Aluminium Oxide:

In this study Al2O3 was selected as a candidate material a dynode could be constructed

out of or coated with, the reason for this selection is as follows:

• While Al2O3 has a relatively high secondary electron yield, typically in the range

of 3 to 4 [28], it is also an excellent choice for a dynode due to the material’s

stability under vacuum conditions and sustained electron bombardment [29].

3.3 Sample Preparation

The Al2O3 and MgO powders, each with a purity of 99.9%, were commercially obtained.

These materials were then pressed into pellet form.

Figure 3.2: The Specac atlas manual 15t hydraulic press.
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The Al2O3 and MgO samples were inserted into a high-speed steel die set with a

diameter of 9.23 ± 0.005 mm, with the goal of achieving a final sample thickness of 1

mm. In order to achieve this the following calculation was undertaken:

The density of the two materials:

• MgO : ρ0 = 3.585 g/cm3 [30]

• Al2O3 : ρ0 = 3.99 g/cm3 [31]

The Volume of a cylinder with radius 0.5 cm and thickness 1 mm:

V = π · r2 · h (3.1)

V = π · (0.4615± 0.00025 cm)2 · (0.1 cm) (3.2)

Now to find the correct mass to use for each sample:

• Al2O3

ρ0 =
m

V
(3.3)

Where m is the required mass to achieve a cylinder with radius 0.4615± 0.00025

cm and thickness 1 mm.

V = π · r2 · h = π · (0.4615± 0.00025 cm)2 · (0.1 cm) (3.4)

m = ρ · V = 3.99 g/cm3 · π · (0.4615± 0.00025)2 · (0.1) (3.5)

m = 0.268 g (3.6)

Now applying error propagation:

∆m

m
= 2 · ∆r

r
= 2 · 0.00025

0.4615
≈ 0.001084 (3.7)

∆m = 0.268 · 0.001084 ≈ 0.0003 g (3.8)
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m = (0.268± 0.0003) g (3.9)

• MgO

ρ0 =
m

V
(3.10)

m = 3.585 g/cm3 · π · (0.4615± 0.00025)2 · (0.1 cm) (3.11)

m = 0.241 g (3.12)

Applying the same uncertainty propagation:

∆m

m
= 2 · ∆r

r
= 2 · 0.00025

0.4615
≈ 0.001084 (3.13)

∆m = 0.241 · 0.001084 ≈ 0.0003 g (3.14)

m = (0.241± 0.0003) g (3.15)

Once the masses of Al2O3 and MgO were determined, the powders were weighed using

a scale. To prevent contamination, a sheet of paper was first placed on the scale and

weighed. The scale was then zeroed, and the powders were added gradually on to the

paper until the desired mass was reached. Afterward, the powders were transferred

into the die set and placed in the Specac Atlas Manual 15T hydraulic press, where a

force of 14 000 kg * 9.81 m · s−2 was applied, reaching a maximum pressure of:

P =
F

A
(3.16)

P =
14,000 kg× 9.81 m · s−2

π · (0.004615)2 m2
(3.17)

P = 2.05× 109 N/m2 = 2,050 MPa (3.18)
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A total of 12 samples were prepared for both Al2O3 and MgO. This results in three

samples per material for each radiation dose, including three pristine samples and three

samples for each of the three different radiation doses.

23



Chapter 4

Experimental Setup for Electron

Emission Yield Measurements

The ATLAS detector, recognized as the largest-volume particle detector ever built [32],

provides an unparalleled platform for evaluating the resilience of electronic systems

under extreme radiation conditions. Within this detector, the TileCal stands out as an

optimal candidate for benchmarking the radiation levels experienced by PMTs, given

the numerous PMTs deployed in an extremely high-radiation environment.

Figure 4.1: Calorimeter section of the ATLAS Detector [33]. In this figure η represents the
pseudorapidity which expresses the range of a section of the detector with respect to the axis
of colliding beams [34].
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The TileCal, positioned just 2.28 meters from the LHC beamline [35], experiences

significant exposure to intense radiation due to its proximity. This harsh environment

subjects its electronics, including PMTs, to substantial radiation damage. Over time,

this exposure induces radiation fatigue, which progressively degrades the performance

of these components.

Figure 4.2: Radiation levels which the electronics found in the calorimeter systems in the
ATLAS detector are subjected to [8]. Here FE crates are the ”Front-End” crates which house
readout electronics and LVPS refers to the ”Low Voltage Power Supplies”.

Figure 4.3: Total ionizing dose and characteristic particle fluences, obtained from GEANT4
simulations for the electronic systems shown in Figure 4.2 [8].

In figure 4.3 the distance along the beamline, denoted by |z| (cm), indicates the absolute

position of these electronics relative to the interaction point. The radial distance, r

(cm), describes their location from the beamline in the transverse plane. The total

ionizing dose (TID), measured in Gray per inverse femtobarn (Gy/fb−1), quantifies the

radiation dose absorbed by these electronics per unit of integrated luminosity. The 1

MeV neutron equivalent fluence, denoted as ΦSi
neq (cm−2/fb −1), represents the exposure

to neutral particles, normalized to integrated luminosity. Finally, the flux of hadrons,
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denoted as Φhad
20 (cm−2/fb−1), indicates the exposure to hadronic particles with kinetic

energy above 20 MeV, also normalized to integrated luminosity.

In order to study the radiation fatigue of the selected dynode materials, the samples

were exposed to radiation doses akin to those found within the ATLAS detector, by

exposing the materials to the decay products of an intense Co-60 source.

4.1 Decay of Cobalt-60

Cobalt-60 is an unstable nucleus which has a half-life of 5.27 years [36]. Co-60 is

produced by the bombardment of the stable Co-59 isotope with neutrons in a nuclear

reactor [37]. The nuclear reaction is given by:

59
27Co +

1
0n −−→ 60

27Co (4.1)

In order for the nucleus to return to a stable state, the Cobalt-60 undergoes beta decay.

Beta decay occurs when a nucleus is in an unstable state due to either the number of

protons or neutrons. In beta-plus decay, if the nucleus has an excess of protons, a

proton is converted into a neutron, emitting a positron and a neutrino in the process.

In beta-minus decay, if the nucleus has an excess of neutrons, a neutron is converted

into a proton, emitting an electron and an electron antineutrino in the process.

In the case of Co-60 there is an excess in the number of neutrons. To achieve stability,

Co-60 undergoes beta-minus decay, as described by the nuclear reaction:

60
27Co −−→ 60

28Ni
∗ + e− + ν̄e (4.2)

Here:

• 60
27Co represents the Cobalt-60 nucleus which contains 27 protons and 33 neutrons.

• 60
28Ni

∗ represents the excited state of the Nickel-60 nucleus.

• e− is the electron (beta particle) emitted in the decay process.

• ν̄e is the electron antineutrino emitted.

In order for the Nickel nucleus to transition from the excited state (6028Ni
∗) to the ground

state (6028Ni), two possible decay mechanisms can occur:
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• Two-Gamma Transition:

60
28Ni

∗ −−→ 60
28Ni + 2 γ(1.17 MeV & 1.33 MeV) (4.3)

This mechanism has a 99.88% likelihood. The process begins with the emission of

a 1.1732 MeV gamma-ray, followed by the emission of a 1.3325 MeV gamma-ray.

The energy of the electron emitted during the beta decay is approximately 0.31

MeV.

• Single-Gamma Transition:

60
28Ni

∗ −−→ 60
28Ni + γ(1.33 MeV) (4.4)

This mechanism has a 0.12% likelihood. In this case, the excited nickel nucleus

directly transitions to the ground state by emitting a single 1.3325 MeV gamma-

ray. The energy of the electron emitted during the beta decay is approximately

1.48 MeV.

Explanation of probabilities:

Cobalt-60 (6027Co) has a spin-parity of JP = 5+. In the case of the two-gamma decay

pathway the beta decay leads to an excited state of Nickel-60 (6028Ni
∗) which has a

spin-parity of JP = 4+. This excited state decays by passing through an intermediate

excited state of Nickel-60 (6028Ni∗), which has a spin-parity of JP = 2+, and emits a 1.17

MeV gamma-ray. Subsequently the emission of a 1.33 MeV gamma-ray transitions the

nucleus to its ground state (6028Ni) with a spin-parity of JP = 0+ [38].

On the other hand the decay pathway with a likelihood of 0.12% involves a direct

transition from the spin-parity of JP = 4+ to the ground state (JP = 0+), bypassing

the intermediate state. Due to the large change in spin-parity (∆J = 4), this direct

transition is far less likely to occur compared to the two-gamma decay pathway.
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The decay process of Co-60 to the ground state of Ni-60 can be represented as:

Figure 4.4: This figure illustrates the decay pathway of Cobalt-60 (6027Co) to the ground state
of Nickel-60 (6028Ni). This image illustrates the two possible decay pathways (given by the two
red lines) and the energies of the electrons emitted for both possible pathways as well as the
energies of the gamma-rays emitted at each stage [39].

4.2 Cobalt-60 Facility

Samples of the materials used in this study were taken to the CERN Co-60 facility in

Prévessin, France. At the Cobalt-60 facility, 9 samples of each material were exposed

to three different radiation doses, with 3 samples per dose. The doses were set at 5

kGy, 50 kGy, and 100 kGy, aiming to study the effects of radiation at these varying

dose levels on the electron yield of these materials.
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Figure 4.5: A 3D-printed sample holder was used to contain all the samples for this study.
The holder was made from polylactic acid (PLA), and three such holders were printed to
accommodate the samples at the three different dose levels.

The dose each group of samples would receive is found by calculating the dose delivered

by the source at each of the locations of the sample holders (Figure 4.6) and determining

the exposure time needed to reach the desired dose.

Figure 4.6: A calibrated cylindrical ionization chamber probe, Farmer-type, which measures
radiation levels, is positioned at the location where the sample holder will be placed. This probe
serves as the primary reference for quantifying the dose or activity arriving from the source at
that specific distance. The probe is connected to a data acquisition system, as shown in Figure
4.8.

The data acquisition system shown in Figure 4.6 provides the radiation dose in mGy/s,

enabling the calculation of the time dependency, specifically the duration for which the
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samples need to be exposed to reach the desired dose.

Table 4.1: Irradiation conditions for different sample groups exposed to the Cobalt-60
source

Target Dose Distance from Source Dose Rate (kGy/s) Time at Position (days) Dose at Position (kGy) Total Dose (kGy)

100 kGy 20.00 ± 0.05 cm 0.1164 ± 0.000005 10.828 ± 0.00001 – 108.975 ± 0.000005

50 kGy
80.00 ± 0.05 cm 0.01062 ± 0.000005 10.825 ± 0.00001 9.935 ± 0.000005

49.349 ± 0.000005
20.00 ± 0.05 cm 0.1164 ± 0.000005 3.919 ± 0.00001 39.414 ± 0.000005

5 kGy 88.00 ± 0.05 cm 0.008773 ± 0.000005 6.846 ± 0.00001 – 5.192 ± 0.000005

Figure 4.7: Window of the Cobalt-60 source (approximately 20 cm away from the source), along
with the samples designated to receive 100 kGy, housed in one of the sample holders.

30



Figure 4.8: The dose reading was taken by a probe located approximately 88 cm away from
the Cobalt-60 source. This is the region where the samples designated to receive 5 kGy were
housed in the sample holder.

4.2.1 SEY Experimental Background

iThemba LABS is South Africa’s largest national research facility dedicated to multi-

disciplinary scientific studies. It operates the most extensive accelerator infrastructure

in the southern hemisphere [40]. Among its key divisions, the Tandem and Accelerator

Mass Spectrometry (TAMS) facility in Johannesburg houses a 6 MV Tandem acceler-

ator that supports several specialized beamlines, including those for Accelerator Mass

Spectrometry (AMS), Nuclear Physics, Heavy Ion - Elastic Recoil Detection Analysis

(HI-ERDA), and the Nuclear Microprobe. The Nuclear Microprobe beamline facil-

itates analytical techniques such as Rutherford Backscattering Spectroscopy (RBS),

Ion Beam Analysis (IBA), and Micro-Particle Induced X-ray Emission (Micro-PIXE)

[41].

For this study, the microprobe beamline was adapted—through the addition of two

external instruments — to enable the measurement of the secondary electron yield

(SEY) of Al2O3 and MgO samples. These modifications facilitated EEY measurements

under conditions akin to its standard environmental conditions.
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Figure 4.9: 6 MV Tandem Accelerator located at the iThemba LABS, Johannesburg.

4.3 Experimental Procedure

A 2 MeV proton beam was generated by the 6 MV Tandem accelerator at the TAMS

facility and directed towards the nuclear microprobe beamline. A Faraday cup was used

to collect and measure the current of the proton beam. The current was adjusted to 70

nA, and the beam was focused to an area of 500 × 500 µm2. The beam was also set to

scanning mode, with the scanning area set to 500 × 500 µm2 over the sample’s surface.

The scanning mode was employed to get a more general measurement of the sample

surface as opposed to one spot in order to reduce extensive damage to the sample.

A detachable carousel is integrated into the microprobe chamber setup. The chamber

is vacuum-sealed and pumped to achieve a pressure of 10−6 Pa in order to reduce gas

ionization which would influence the SEY measurements. The carousel is electrically

insulated from the microprobe chamber and is connected to external equipment via a

feed-through channel.

Each Al2O3 and MgO sample was first mounted onto a metallic disc using graphite-

based conductive paste for electrical contact, then clipped into the microprobe carousel

(Figure 4.10). The samples were enclosed within a dome-shaped brass cage (this cage

has an insulating Teflon base so that no electrical contact is made between the cage

and the carousel to avoid leakage current), which featured a centrally positioned Teflon
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piece with an aperture (approximately 5mm in diameter) to allow the proton beam to

pass through and interact with the sample without interference from the brass to avoid

excess electronic noise. To ensure stability during the experiment, the brass cage was

secured to the carousel using a temporary adhesive rubber.

Figure 4.10: Microprobe Carousel Setup: Showing the Teflon aperture, brass cage, and a
fluorescent ceramic.

Figure 4.11: The microprobe chamber control interface is used for all microprobe chamber-
related processes, such as vacuum pumping, venting, and other operational controls.
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Figure 4.12: Experimental setup used to determine the EEY of the MgO and Al2O3 samples.

Figure 4.12 illustrates the experimental setup used in this study to measure the elec-

tron emission yield of the MgO and Al2O3 samples. In both configurations, the proton

beam passes through the Teflon aperture, labeled TA in the figure. Subfigure (a) shows

the setup when a negative voltage bias of -500 V is applied to the brass cage, with the

high-voltage power supply connected via a feed-through cable. In this configuration,

the electrons emitted from the target are suppressed, as the negative bias applied to the

brass cage repels them back toward the sample surface, and the measured current pri-

marily represents the beam current. The picoammeter records this current, connected

to the microprobe carousel through a BNC feed-through.

Subfigure (b) depicts the configuration when the high-voltage power supply is set to

+500 V and connected to the brass cage. Here, the positive voltage bias facilitates

electron emission by attracting emitted electrons from the sample surface, which are

then measured. This setup allows for the measurement of electron emission yield, as

the difference between the current measured under positive and negative bias reflects

the yield of emitted electrons. This approach follows the principles described in [42].
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Figure 4.13: Al2O3 sample mounted on a metallic disc using graphite-based conductive paste,
with a temporary rubber adhesive securing the brass cage over the sample.

Graphite-based conductive paste is applied to ensure proper electrical contact between

the sample and the disc. Adhesive rubber is placed around the fringe to secure the brass

cage and ensuring electrical isolation from the sample carousel. Upon closer inspection,

a faint darkened region can be seen on the sample’s surface (this mark was only visible

on the Al2O3 samples), marking the spot where the proton beam was incident during

irradiation. This beam mark indicates the interaction area where the electron emission
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yield was generated.

The microprobe chamber, which was evacuated to a pressure of 10−6 Pa. An ORTEC

456 power supply is connected via feed-through to the brass cage and is used to apply

voltage biases of +500V and -500V to the brass cage, while the Keithley 6485 is also

connected via feed-through to the carousel to measure the current.

Before data collection, the alignment of the proton beam was verified using a section

of the carousel fitted with fluorescent ceramic. When the beam strikes the ceramic, it

illuminates and becomes visible on the alignment monitor (see Figure 4.11). Since the

ceramic is positioned on the same plane as the carousel, its illumination confirms that

the beam will strike the mounted sample on the carousel. To align the beam with the

sample, the carousel, which is comprised of 8 faces marked by angles, must be rotated.

The sample’s position is also marked by an angle, so once the ceramic is illuminated,

the carousel must be manually rotated back to the marked angle (using external system

controls) to ensure the beam is incident on the sample.

Current measurement procedure:

1. The picoammeter is set to stabilize for 30 seconds with no proton beam exposure.

Using this period post measurement, the average current is calculated and used

as the offset, which is then subtracted from all subsequent data points.

2. The Faraday cup serves as a beam shutter for this measurement. Once it is

removed, the proton beam interacts with the sample. Data acquisition begins

with the high-voltage power supply set to +500 V, and current measurements are

recorded for 120 seconds. LabVIEW serves as the interface for data acquisition

from the picoammeter, recording the current at a rate of one measurement per

second.

3. After the 120-second data acquisition period, the Faraday cup is reinserted to

block the proton beam, marking the end of the measurement. This results in a

total of 150 seconds of data collection: 30 seconds for offset determination and

120 seconds for the actual measurement.

4. The polarity of the high-voltage power supply is reversed to -500 V, and the same

procedure is repeated for the negative voltage measurement.

5. Each measurement was repeated three times per sample. However, due to local-

ized damage induced by the proton beam, the later measurements were affected.

As a result, only the first complete measurement is presented in this thesis.
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Figure 4.14: Data Acquisition Setup.

This setup essentially performed two measurements for each sample—one under positive

voltage and another under negative voltage. A voltage bias of ± 500V is preferential

to lower voltages to intensify the desired effects.

The necessity of the two measurements is due to the fact that EEY of the Al2O3 and

MgO samples can be calculated using the following formula [42]:

δ =

∑
I+∑
I−

− 1 (4.5)

Where I+ represents the current measurement under positive 500V bias and I− repre-

sents the current measurement under negative 500V bias.

Or simply:

δ =

∑
I+ −

∑
I−∑

I−
(4.6)

Here I+ and I− are a single averaged data point, averaged over 120 seconds of data ac-

quisition. For the purposes of this study, the electron emission yield will be determined

using the average current values rather than the summation of terms in the equation.
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Thus, the final equation to be used is:

δ =
I+ − I−

I−
(4.7)
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Chapter 5

Results and Discussion

5.1 Radiation Damage and Absorbed Dose Simulations

5.1.1 FLUKA

To comprehensively evaluate the effects of radiation-induced damage and the absorbed

gamma radiation dose on the sample at various exposure levels, the FLUKA simulation

software was employed to model the radiation environment and its impact. FLUKA

is a fully integrated Monte Carlo particle physics simulation package that offers exten-

sive capabilities in areas such as high-energy experimental physics, radiation shielding,

detector design, dosimetry, medical physics, and radiobiology [43, 44].

FLUKA is capable of handling various components of radiation from thermal energies

(for neutrons) and energies from 1 keV up to cosmic ray energies and has been bench-

marked against numerous experimental datasets in order to verify the validity [45].

For this study, FLAIR, a user-friendly graphical interface for FLUKA, was utilized to

streamline the preparation of input files and the execution of simulations, enhancing

the overall efficiency of the workflow [46].

5.1.2 Simulations

The two photonic process used by FLUKA to simulate radiation damage induced by

photons are pair production and Bremsstrahlung. In the Bremsstrahlung process the

recoil is sampled randomly from an approximation of the momentum cross-section [47]:

dσ

dp⊥
=

32α(Zα)2

kp3⊥

[
1− k

E
+

1

2

(
k

E

)2
]
ln

(
p⊥
me

)
(5.1)

39



• dσ
dp⊥

is the differential cross section of the Bremsstrahlung process, with respect

to the perpendicular momentum p⊥.

• α is the fine structure constant

• Z is the atomic number of the target nucleus

• k is the energy of the Bremsstrahlung photon

• E is the energy of the incident electron

• me is the mass of the electron
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For the pair production process FLUKA uses the following approximation to simulate

the process [47]:

dσ

dp
=

0.183 · 10−2Z2

p3
(ln (p) + 0.5) (5.2)

Both Equation 5.1 and Equation 5.2 can approximated in the following way, thus

FLUKA uses the following approximation for both processes:

dσ

dp
∝ ln(p/c)

p3
(5.3)

Where c is the minimum recoil momentum, equation 5.3 cannot be solved analytically,

FLUKA thus uses a rejection sampling method that generates random samples from a

probability distribution given by an equation that is similar to Equation 5.3 to calculate

a metric called the displacement per atom (DPA) [45].

DPA measures the average number of times an atom in a material is displaced from its

lattice position due to a given amount of radiation. For example, a DPA value of three

indicates that, on average, each atom in the material has been displaced three times

[45]. In this study, FLUKA’s versatile capabilities were leveraged to calculate DPA,

enabling a comprehensive evaluation of the radiation-induced damage sustained by the

materials.

Absorbed dose quantifies the energy deposited in matter by ionizing radiation per unit

mass. In this study, FLUKA was employed to simulate the absorbed dose in the two

materials of interest across three varying radiation exposure levels. These simulations

provided critical insights into the extent of radiation absorbed by the materials.

5.1.3 Geometries and Setup

For these simulations, the input files varied only in their scoring parameters, ensuring

that the setups for the two simulations were nearly identical. Initially, the simulations

focused exclusively on the number of photons interacting with the materials, exclud-

ing the emission of beta particles and electron antineutrinos from the Co-60 source.

This simplified approach established a foundational baseline for analyzing Co-60 decay

interactions with the materials.

To further refine this baseline, an average photon energy of 1.25285 MeV was employed.

This value represents the average energy of photons emitted during the more probable

decay path of Co-60, which involves the emission of two photons with energies of 1.1732
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MeV and 1.3325 MeV. The purpose of these initial simulations was to establish a

benchmark against which the results of subsequent, more comprehensive simulations

could be compared.

The photons were modeled as a beam, and the total number of photons interacting

with the target was calculated as follows:

• The Co-60 source had an activity of 70 TBq, in the decay path of Co-60 which

involves two photon decay, there will be 1.4 ·1014 photons emitted from the source

per second over a solid angle of 4πsr (the solid angle of a sphere) with an averaged

energy of 1.25285 MeV.

• The solid angle which the samples were at relative to the source was a function of

their distance from the source, for completeness the solid angle and total number

of photons received by the 100 kGy sample will be calculated:

Ω = A/d2 (5.4)

Where Ω is the solid angle of the 100 kGy samples relative to the source, A is the

area of the sample and d is the distance of the sample relative to the source.

Ω =
π · (0.005 m)2

(0.2 m)2
(5.5)

Ω = 0.0019635 sr (5.6)

In order to find the total number of photons which interacted with the 100 kGy

samples, the solid angle is multiplied by the number of photons emitted from the

source:

0.0019635 sr · 1.4 · 10
14

4π
= 2.19 · 1010 photons/s (5.7)
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The same calculation was done for the 5kGy and 50kGy samples which leads to

the total number of photons per dose:

– 5 kGy: 1.55 · 109 photons/s

– 50 kGy: 2.43 · 109 photons/s at 80cm and 2.19 · 1010 photons/s at 20cm

(source window)

– 100 kGy: 2.19 · 1010 photons/s

Once the number of photons required for each dose was known, the simulated results

are as follows:

Figure 5.1: Simulated absorbed dose from a mono-energetic photon source (1.25 MeV) placed
88.00 cm ± 0.05cm away from the target for 6.846 ± 0.00001 days for the two samples.
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Figure 5.2: Simulated absorbed dose from a mono-energetic photon source (1.25 MeV) placed
at a distance of 80.00 cm ± 0.05 cm from the target for 10.825 ± 0.00001 days and then placed
at 20.00 ± 0.05cm from the target for 3.919 ± 0.00001 days for the two samples.

Figure 5.3: Simulated absorbed dose from a mono-energetic photon source (1.25 MeV) placed
at a distance of 20.00 cm ± 0.05 cm from the target for 10.828 ± 0.00001 days for the two
samples.
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Figure 5.4: Simulated DPA from a mono-energetic photon source (1.25 MeV) placed 88.00 cm
± 0.05cm away from the target for 6.846 ± 0.00001 days for the two samples. Please note the
scaling factor shown in the top left corner of the plot, and keep this in mind throughout the
remainder of this thesis.

Figure 5.5: Simulated DPA from a mono-energetic photon source (1.25 MeV) placed at a
distance of 80.00 cm ± 0.05 cm from the target for 10.825 ± 0.00001 days and then placed at
20.00 ± 0.05cm from the target for 3.919 ± 0.00001 days for the two samples.
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Figure 5.6: Simulated DPA from a mono-energetic photon source (1.25 MeV) placed at a
distance of 20.00 cm ± 0.05 cm from the target for 10.828 ± 0.00001 days for the two samples.

The absorbed dose from the benchmark simulations aligns with the expected total dose

that the samples were intended to receive. The dose reaches its maximum approx-

imately three-quarters into the material. The displacement per atom (DPA) results

from these simulations indicate that DPA increases with absorbed dose, with its max-

imum occurring near the region of highest energy deposition, which is consistent with

expectations, since higher energy deposited generally leads to higher atomic displace-

ments.

Upon completing the benchmark simulations, the final simulation input card was gener-

ated. The only modification in the final simulations was the replacement of the monoen-

ergetic photon source with the actual photon energy spectrum of a Co-60 source, while

maintaining the same activity (70 TBq) as the source used in the experimental facility.

The absorbed dose in the final simulation includes contributions from pair production

and bremsstrahlung, which are inherently accounted for by FLUKA’s electromagnetic

physics models based on the incident photon energies.

A comparison of the absorbed dose profiles from the benchmark and final simulations

confirms strong agreement, validating the use of the Co-60 spectrum in place of the

averaged energy used in the benchmark. Both simulations yield dose distributions

consistent with the expected total exposure of 100 kGy.

The simulation geometry matched the physical sample dimensions, with a cylindrical
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sample of 1 cm radius and 1 mm thickness. The distance between the Co-60 source and

the target, as well as the total exposure time, were varied as described above depending

on the intended dose, and were implemented directly into the simulation to replicate

the experimental irradiation conditions.

5.1.4 Simulation Results

Absorbed Dose Simulations

Figure 5.7: Simulated absorbed dose from a 70 TBq Co-60 source placed 88.00 cm ± 0.05cm
away from the target for 6.846 ± 0.00001 days for the two samples.
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Figure 5.8: Simulated absorbed dose from a 70 TBq Co-60 source placed at a distance of 80.00
cm ± 0.05 cm from the target for 10.825 ± 0.00001 days and then placed at 20.00 ± 0.05cm
from the target for 3.919 ± 0.00001 days for the two samples.

Figure 5.9: Simulated absorbed dose from a 70 TBq Co-60 source placed at a distance of 20.00
cm ± 0.05 cm from the target for 10.828 ± 0.00001 days for the two samples.
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DPA

Figure 5.10: Simulated DPA from a 70 TBq Co-60 source placed 88.00 cm ± 0.05cm away from
the source for 6.846 ± 0.00001 days for the two samples.

Figure 5.11: Simulated DPA from a 70 TBq Co-60 source placed at a distance of 80.00 cm ±
0.05 cm from the source for 10.825 ± 0.00001 days and then placed at 20.00 ± 0.05cm from the
source for 3.919 ± 0.00001 days for the two samples.
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Figure 5.12: Simulated DPA from a 70 TBq Co-60 source placed at a distance of 20.00 cm ±
0.05 cm for 10.828 ± 0.00001 days for the two samples.

Upon reviewing the completed simulations, a clear difference in absorbed dose distri-

bution between the benchmark and final simulations can be observed. In the final

5 kGy absorbed dose simulations, the energy deposition remains relatively consistent

throughout the material. This contrasts with the benchmark simulations, where the

absorbed dose increased almost linearly before reaching a maximum at approximately

three-quarters into the material.

With regard to the final simulations of the 50 kGy and 100 kGy absorbed dose cases,

a stark contrast is observed compared to both the benchmark simulations at the same

absorbed doses and the final 5 kGy absorbed dose simulation. In the 50 kGy and

100 kGy final simulations, the absorbed dose is at its maximum near the surface of the

material and then drops off significantly deeper below the surface of the material.. This

indicates that, unlike the benchmark simulations, where the absorbed dose followed a

more gradual increase before peaking deeper into the material, the majority of the

energy deposition in these higher-dose cases occurs at the surface, with far less energy

penetrating deeper into the material.

The observed results can be explained by the electrons emitted from the Co-60 source.

Using the ESTAR tool [48], developed by the NIST, we simulate the stopping range of

an electron in air. ESTAR provides the CSDA (Continuous Slowing Down Approxima-

tion) range in units of (g/cm2). The kinetic energy used in the simulation is 0.3 MeV,

which is close to the 0.31 MeV energy of the electrons emitted from Co-60 decay. To
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determine the stopping range of an electron in air, we divide the CSDA by the density

of air.

Stopping Range =
CSDA Range (g/cm2)

Density of air (g/cm3)
(5.8)

Stopping Range =
9.528 · 10−2 (g/cm2)

0.001293 (g/cm3)
(5.9)

Stopping Range ≈ 73.7 cm (5.10)

This implies that both the 100 kGy and 50 kGy samples were irradiated by both

electrons and photons from the Co-60 source.

Figure 5.13: This figure serves as a reference for the normalized dose (Gy) distribution of a 10
MeV electron beam, exhibiting characteristics similar to those observed in the final simulations
presented above [49]. Although the material densities used in the referenced figure are higher
than those employed in this study, the figure is included to demonstrate the simulation’s ability
to reproduce experimental trends.

In terms of DPA, both the benchmark and final simulations yielded values on the same

order of magnitude. The discrepancy between the DPA of the benchmark simulation

and the final simulation is primarily attributed to the depth at which energy is deposited

within the sample. In the benchmark simulations, the absorbed dose increased with

the material’s thickness, leading to a corresponding increase in the DPA. In contrast,

the energy deposition in the final simulations was more complex.

For the 5 kGy sample, the energy deposition was nearly uniform, peaking in the centre

of the sample. The DPA for this dose increases steadily until it reaches approximately
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halfway through the sample, after which it gradually decreases. In the case of the 50

kGy and 100 kGy samples, the DPA increases sharply from the surface of the material

to about halfway through the sample, where it then levels off. This sharp increase in

DPA near the surface can be attributed to the electronic damage occurring at shallow

depths within the material.

5.2 Offset Correction

As mentioned in Chapter 4 each measurement of the Keithley 6485 Picoammeter was

given 30 second during which to stabilize. The purpose of this stabilization period is

to reduce systematic errors as well as baseline shifts in the measurements. This offset

correction ensures that the measurements being compared (positive and negative bias)

are as accurate as possible. The offset/stabilization period can be seen in the following

figure:

Figure 5.14: Current Vs Time measurements for the Al2O3 Pristine sample, including both the
negative and positive bias and their respective offset measurements included.

As illustrated in the figure above, the initial stabilization period of the picoammeter

resulted in current values that were not equal to zero. This non-zero offset during the

settling phase necessitates a correction. To address this, the average current during the

stabilization period was calculated and subtracted from the beam current measured

during the 120s when the bias voltage was applied to the brass cage. If the offset

was positive and added if the offset was negative. This offset correction was applied

consistently across all calculations and figures presented throughout the remainder of

this chapter.
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5.3 Current Measurements as a Function of Dose

In this subsection, the offset-corrected current measurements obtained during the 120-

second data collection periods are presented for all Al2O3 and MgO samples. These

measurements were recorded at a rate of one data point per second, resulting in a total

of 120 data points per measurement period. Each current value has been corrected by

applying the corresponding offset, which was determined during the initial 30-second

stabilization period prior to data acquisition.

The figures presented below illustrate the current measurements described in Fig-

ure 4.12. A consistent trend is observed, where the measured current during the positive

bias runs is significantly higher than that observed during the negative bias runs. This

behavior is rooted in the interaction between the applied bias voltage and the behavior

of secondary electrons emitted from the sample surface.

When a positive bias is applied to the surrounding brass cage, it creates an electric

field that attracts secondary electrons emitted from the sample toward the cage. These

electrons are no longer collected by the sample (which is connected to the picoammeter),

resulting in a net loss of negative charge from the sample. Consequently, this leads to

a higher positive current being registered by the picoammeter.

In contrast, when a negative bias is applied to the brass cage, the electric field repels

the emitted secondary electrons back toward the sample. This suppression of electron

escape causes more electrons to return to the sample surface, thereby reducing the net

current leaving the sample. As a result, the current measured by the picoammeter is

lower in magnitude, since fewer electrons are lost to the surrounding environment.

This observed asymmetry in current under different bias polarities is a direct manifesta-

tion of secondary electron emission dynamics and is crucial for evaluating the secondary

electron yield (SEY) characteristics of the irradiated materials.
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5.3.1 Magnesium Oxide

Figure 5.15: Measured current under positive and negative applied voltage bias for pristine
Magnesium Oxide.

Figure 5.16: Measured current under positive and negative applied voltage bias for Magnesium
Oxide samples with an absorbed gamma radiation dose of 5 kGy.
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Figure 5.17: Measured current under positive and negative applied voltage bias for Magnesium
Oxide samples with an absorbed gamma radiation dose of 50 kGy.

Figure 5.18: Measured current under positive and negative applied voltage bias for Magnesium
Oxide samples with an absorbed gamma radiation dose of 100 kGy.
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5.3.2 Aluminium Oxide

Figure 5.19: Measured current under positive and negative applied voltage bias for pristine
Aluminium Oxide.

Figure 5.20: Measured current under positive and negative applied voltage bias for Aluminium
Oxide samples with an absorbed gamma radiation dose of 5 kGy.
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Figure 5.21: Measured current under positive and negative applied voltage bias for Aluminium
Oxide samples with an absorbed gamma radiation dose of 50 kGy.

Figure 5.22: Measured current under positive and negative applied voltage bias for Aluminium
Oxide samples with an absorbed gamma radiation dose of 100 kGy.
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5.4 Averaged Current Measurements as a Function of

Dose

The 120-second measurements at a rate of one measurement per second for each sample

(5.3), for each specific bias and radiation dose, were averaged to produce a single value

per sample. These average currents, plotted against the corresponding radiation dose,

are presented below, with the error represented by the standard error (SE) of the mean.

SE = ± σ√
N

(5.11)

Where σ is the standard deviation and N is the sample size.

SE = ±
√∑

(xi − µ)2

N
√
N

(5.12)

Where xi is the individual data points, µ is the mean of the data.

Table 5.1: Time-Averaged Current Measurements

Absorbed Dose
MgO Current (A) Al2O3 Current (A)

Positive Bias Negative Bias Positive Bias Negative Bias

Pristine (0 kGy) (3.86 ± 0.052) ×
10−10

(1.53 ± 0.014) ×
10−10

(3.64 ± 0.226) ×
10−10

(2.76 ± 0.199) ×
10−10

5 kGy (6.06 ± 0.176) ×
10−10

(2.30 ± 0.076) ×
10−10

(6.27 ± 0.104) ×
10−10

(4.91 ± 0.081) ×
10−10

50 kGy (5.27 ± 0.130) ×
10−10

(4.55 ± 0.077) ×
10−10

(6.14 ± 0.175) ×
10−10

(5.34 ± 0.160) ×
10−10

100 kGy (5.46 ± 0.290) ×
10−10

(3.09 ± 0.142) ×
10−10

(5.63 ± 0.061) ×
10−10

(5.55 ± 0.074) ×
10−10

The table above lists the time-averaged current measurements and their errors for

positive bias (+500V) and negative bias (-500V) across various doses. These values are

plotted on the next page and will be used to calculate the electronic emission yield of

the samples.
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5.4.1 Magnesium Oxide

Figure 5.23: Averaged measured current under positive and negative applied bias for Magnesium
Oxide samples as a function of absorbed gamma radiation dose.

5.4.2 Aluminium Oxide

Figure 5.24: Averaged measured current under positive and negative applied bias for Aluminium
Oxide samples as a function of absorbed gamma radiation dose.
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5.4.3 Electron Emission Yield Measurements

The average current measurements (6.3) for each sample and each bias were then used

in the electronic emission yield formula shown below:

δ =
Ī+ − Ī−

Ī−
(5.13)

The related uncertainties for this calculation are given using uncertainty propagation:

Partial derivative with respect to Ī+:

∂δ

∂Ī+
=

1

Ī−
(5.14)

Partial derivative with respect to Ī−:

∂δ

∂Ī−
= − Ī+

(Ī−)2
(5.15)

The uncertainty in the yield, σδ, is then calculated as:

σ2
δ =

(
∂δ

∂Ī+
σĪ+

)2

+

(
∂δ

∂Ī−
σĪ−

)2

(5.16)

Substituting the derivatives:

σ2
δ =

(σĪ+
Ī−

)2
+

(
Ī+

(Ī−)2
σĪ−

)2

(5.17)

Taking the square root:

σδ =

√(σĪ+
Ī−

)2
+

(
Ī+

(Ī−)2
σĪ−

)2

(5.18)

Where σδ represents the uncertainty in the electron emission yield, σĪ+ represents the

uncertainty in Ī+, and σĪ− represents the error in Ī−.

Where σδ represents the uncertainty in the electron emission yield, σĪ+ represents the

uncertainty in Ī+, and σĪ− represents the error in Ī−.
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Table 5.2: Electron Yield Measurements

Absorbed Dose MgO electronic emission yield Al2O3 electronic emission yield

Pristine 1.5165 ± 0.2045 0.3191 ± 0.6175

5 kGy 1.6312 ± 0.5721 0.2772 ± 0.1471

50 kGy 0.1586 ± 0.170 0.1515 ± 0.2342

100 kGy 0.7671 ± 0.6110 0.0147 ± 0.0865

Figure 5.25: This figure presents the variation in electron emission yield of Aluminium Oxide
as a function of radiation dose, illustrating how the material’s electron emission yield responds
to increasing gamma radiation exposure.

As shown in Table 5.2 and Figure 5.25, Aluminium Oxide demonstrates a proportional

decrease between the absorbed gamma radiation dose and electron emission yield across

all measured doses (0 kGy, 5 kGy, 50 kGy, and 100 kGy). The initial electron emission

yield for the pristine sample is approximately 0.3191, but it steadily declines with in-

creasing radiation dose, dropping to just 0.0147 at 100 kGy. This near-linear decrease

highlights a proportional reduction in electron emission efficiency as a direct conse-

quence of increased gamma radiation absorption in the 5 kGy samples. In contrast,

for the 50 kGy and 100 kGy samples, the reduction can be attributed to the combined

effects of increased gamma and beta radiation, which induce changes in the electronic

properties of the material.
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Figure 5.26: This figure presents the variation in electron emission yield of Magnesium Oxide
as a function of radiation dose, illustrating how the material’s electron emission yield responds
to increasing gamma radiation exposure.

The pristine Magnesium Oxide sample exhibits an electron emission yield of 1.5165,

while the sample irradiated to 100 kGy shows a yield of 0.7671. However, the 5 kGy

sample displays an anomalously low electron emission yield of just 0.1586, deviating

significantly from the behavior observed in the Aluminium Oxide samples. Despite

this irregularity, Magnesium Oxide maintains a higher electron emission yield over-

all compared to Aluminium Oxide, even when accounting for the anomalous 5 kGy

measurement.

This anomaly is likely due to localized surface contamination, given the powdered

nature of the Magnesium Oxide samples and the 500 × 500 µm2 scanning beam size,

it is plausible that the specific region scanned during the 5 kGy measurement was

compromised, leading to the unusually low yield.
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Figure 5.27: This figure presents the combined variation in electron emission yield of both
Magnesium Oxide and Aluminium Oxide as a function of radiation dose, illustrating how the
material’s electron emission yield responds to increasing gamma radiation exposure.

As can be seen in Figure 5.27, aluminium oxide produces far fewer secondary elec-

trons when compared to magnesium oxide. This stark difference in the SEY can be

attributed to the significantly different activation energies for defect and charge migra-

tion in the two materials. For aluminium oxide, the activation energy associated with

charge transport and oxygen self-diffusion ranges from approximately 440 to 730 kJ/mol

[50], depending on factors such as crystallinity, grain boundary density, and temper-

ature regime. In contrast, magnesium oxide exhibits a much lower activation energy

of approximately 55 kJ/mol [51] for oxygen ion diffusion in the extrinsic regime. This

implies that under irradiation, MgO allows electrons to migrate and escape the surface

more easily than Al2O3, leading to a substantially higher secondary electron yield. The

higher activation energy of Al2O3 suggests that electron mobility is more restricted,

thereby suppressing secondary electron emission.

Aluminium Oxide in contrast follows a systematic and reproducible trend, reinforcing

the reliability of its dose-dependent response. The inverse relationship observed aligns

with previous studies, as illustrated by the following literature extracts:
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Figure 5.28: Secondary electron yield as a function of the primary electron energy for Aluminium
Oxide and Magnesium Oxide thin films at varying film thickness [52].

Figure 5.28 provides context by comparing the measured electron emission yield values

from this study with those reported in the literature. As shown in the figure, the

electron emission yield values for Magnesium Oxide are generally higher than those for

Aluminium Oxide, which is consistent with the findings of this study.

Figure 5.29: Normalized electron emission yield for a Copper sample at varying levels of ab-
sorbed radiation dose induced by photons [53].

Figure 5.29 shows the variation in electron emission yield as a function of electron dose
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for a copper sample subjected to el78 / 87 Development of new radiation hard materials

with high secondary electron emission yield for the nuclear industry Cameron Lance

Baldwin A report submitted as the requirements for an MSc by dissertation The Uni-

versity of the Witwatersrand School of Physics Johannesburg, South Africa July 2025

Supervisor Professor Elias Sideras-Haddad Figure 5.27: This figure presents the com-

bined variation in electron emission yield of both Magnesium Oxide and Aluminium

Oxide as a function of radiation dose, illustrating how the material’s electron emission

yield responds to increasing gamma radiation exposure. As can be seen in Figure 5.27,

aluminium oxide produces far fewer secondary elec- trons when compared to magne-

sium oxide. This stark difference in the SEY can be attributed to the significantly

different activation energies for defect and charge migra- tion in the two materials. For

aluminium oxide, the activation energy associated with charge transport and oxygen

self-diffusion ranges from approximately 440 to 730 kJ/mol [50], depending on factors

such as crystallinity, grain boundary density, and temper- ature regime. In contrast,

magnesium oxide exhibits a much lower activation energy of approximately 55 kJ/mol

[51] for oxygen ion diffusion in the extrinsic regime. This implies that under irradia-

tion, MgO allows electrons to migrate and escape the surface more easily than Al2O3,

leading to a substantially higher secondary electron yield. The higher activation en-

ergy of Al2O3 suggests that electron mobility is more restricted, thereby suppressing

secondary electron emission. Aluminium Oxide in contrast follows a systematic and

reproducible trend, reinforcing the reliability of its dose-dependent response. The in-

verse relationship observed aligns with previous studies, as illustrated by the following

literature extracts: 63 Figure 5.28: Secondary electron yield as a function of the pri-

mary electron energy for Aluminium Oxide and Magnesium Oxide thin films at varying

film thickness [52]. Figure 5.28 provides context by comparing the measured electron

emission yield values from this study with those reported in the literature. As shown in

the figure, the electron emission yield values for Magnesium Oxide are generally higher

than those for Aluminium Oxide, which is consistent with the findings of this study.

Figure 5.29: Normalized electron emission yield for a Copper sample at varying levels

of ab- sorbed radiation dose induced by photons [53]. Figure 5.29 shows the variation

in electron emission yield as a function of electron 64 ectron scrubbing [53]. This figure

illustrates a dose-dependent decline in SEY, where radiation-induced surface modifi-

cations, such as defect formation and surface roughening, lead to a reduction in the

material’s electron emission efficiency. A similar trend is observed in this study for

Aluminium Oxide, where increasing gamma radiation dose results in a proportional

decline in SEY, indicating that similar damage mechanisms may be at play despite the

difference in material class, as copper is a metal and Aluminium Oxide is an insulator.
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Figure 5.30: SEY as a function of the absorbed electron dose on a copper sample, based on
[54], for an electron energy of 500 eV (dark gray) and 10 eV (gray).

Figure 5.30 shows the variation in electron emission yield as a function of electron dose

for a copper sample subjected to electron scrubbing [54]. This figure illustrates the

proportional decrease between electron dose and SEY, where radiation-induced surface

modifications, such as defect formation and surface roughening, lead to a reduction in

the material’s electron emission efficiency. A similar trend is observed in this study

for Aluminium Oxide, where increasing gamma radiation dose results in a proportional

decline in SEY, indicating that similar damage mechanisms may be at play despite the

difference in material class, as copper is a metal and Aluminium Oxide is an insulator.

As discussed in Section 2.3, the inverse relationship between radiation dose and electron

emission yield can be explained by the interaction mechanisms of high-energy photons

emitted from Co-60 sources. These gamma rays induce ionization within the sam-

ples through the photoelectric effect, Compton scattering, and pair production. The

resulting ionization generates electron-hole pairs, with displaced electrons possessing

sufficient energy to further dislodge atoms, creating vacancies as well as interstitials

which in turn means that structural defects are present within the samples [55].
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Chapter 6

Conclusion

6.1 Conclusions

Dynodes form the basis for the working mechanism of photomultiplier tubes, dynodes

are constantly subject to extreme radiation environments and as a result show a di-

minishing gain due to a loss of secondary electron yield as a function of time. It is

therefore imperative to explore new materials which could prove to be suitable dynode

materials.

In this study, Al2O3 and MgO samples were investigated as potential dynode materials

and were subjected to high levels of gamma radiation at the CERN Co-60 facility. The

chosen radiation doses were selected to match the exposure levels experienced by PMTs

in the CERN ATLAS detector.

Simulations of these irradiation were performed to simulate the displacements per atom

as well as the absorbed dose each sample suffered due to the radiation damage. The

simulations clearly showed that the target doses were reached and that as the radiation

dose increased so too did the displacements per atom.

The EEY of the samples was measured at the TAMS facility at iThemba LABS, reveal-

ing a clear trend as a function of radiation dose. This trend was particularly evident

in the Al2O3 samples, which exhibited an approximately linear decrease in EEY with

increasing dose. The MgO samples followed a similar overall pattern, though with

notable deviations. The 5 kGy MgO sample displayed a higher EEY than the pris-

tine sample, while the 50 kGy MgO sample exhibited an unexpectedly low EEY. This

anomaly is likely due to compromised sample integrity.
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The EEY reduction as a percentage of the pristine EEY is shown below for doses of

5kGy, 50kGy, and 100kGy:

5kGy 50kGy 100kGy

Al2O3 86.87± 29.94% 47.48± 23.03% 4.61± 4.71%

MgO 107.56± 8.80% 10.46± 2.14% 50.58± 7.84%

Table 6.1: EEY as a function of their pristine samples EEY

As shown in Table 6.1 and discussed in the Results section, the EEY of MgO, excluding

the 50 kGy sample, is generally higher than that of Al2O3. Additionally, the decrease

in EEY with increasing dose is less pronounced for MgO, indicating a more gradual

drop-off compared to Al2O3.

6.2 Future Work

This study demonstrates significant potential in determining the EEY of materials as a

function of radiation dose. Future work will focus on expanding the scope of materials

tested to assess their viability as dynode candidates. Future work will include an

electron source to determine the SEY of the materials as opposed to their EEY.

Furthermore, investigations using different radiation sources, such as heavy ions or

pulsed electron beams, will provide insight into how EEY behavior varies under dif-

ferent irradiation conditions. Advanced surface characterization techniques, such as

X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM),

will also be incorporated to correlate EEY changes with surface modifications at the

microscopic level. These efforts will contribute to a more detailed understanding of

radiation-induced effects, ultimately guiding the development of more resilient and ef-

ficient dynode materials.
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