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Abstract

Strontium-90 is one of the primary beta-emitting radionuclides found at nuclear decommis-
sioning sites. Monitoring its activity in the environment is of utmost importance given its
radiotoxicity. Current procedures for the beta detection of strontium-90 are time consuming,
produce secondary waste and expensive. Therefore there is a demand for more cost-effective

detectors which can mitigate the downsides of existing techniques.

This thesis discusses the design and development of a proof-of-concept detector which can
meet the nuclear decommissioning industry’s demand for in-situ detection of *°Sr . Semicon-
ductors were identified as an appropriate detector technology to use in a compact and water
deployable detector. The current state of semiconductor detector technologies was evalu-
ated and relevant semiconductor materials were compared using Monte Carlo simulations.
Suitable detector components were researched and identified to fit a small scale form factor.

Other practicalities were implemented such as rudimentary waterproofing.

The basic operation of the detector and its sensitivity to radiation was demonstrated ex-
perimentally and its response to environmental conditions was assessed by changing the
temperature of the water it was submerged in. The sensitivity of the detector to various
radionuclides found in groundwater was evaluated using Monte Carlo simulations and the
limit of detection for ?°Sr was determined. The ability of such a detector to identify individ-
ual beta emitting radionuclides from a mixed spectrum obtained in a simulated groundwater

borehole was demonstrated by using a linear regression technique.



1. Introduction

1.1 Introduction to the UK’s nuclear industry and waste

The UK’s first nuclear reactors were built in 1947 at the Atomic Energy Research Estab-
lishment (AERE) located in Oxfordshire. Sellafield became the location of the world’s first
commercially viable nuclear power station, Calder Hall, in 1957. After 47 years of oper-
ation Calder Hall was closed and today Sellafield is responsible for nuclear fuel recycling,
storage and treatment. Over the years, Sellafield has been a site for nuclear fuel fabrica-
tion, reprocessing, radioactive waste management and storage. The site is projected to be
fully decommissioned by the year 2120. The Calder Hall station featured 4 Magnox reactors
and after its opening in the 1950s a further 10 Magnox stations were built in the following
15 years. Nuclear power capacity peaked in the UK during the 1990s supplying 26.9% of
power to the national grid. Now, the UK currently operates eight nuclear power reactors
which supply a 18.7% share of the grid but this is set to reduce further as 5 stations will
cease operations within the next decade. However, there are plans to build a new generation

of reactors with an advanced gas-cooled reactor (AGR) set to open at Hinkley Point C in

2026.

Nuclear power exploits a reaction called nuclear fission. This is a process in which the nu-
cleus of an atom is split by an incident neutron into smaller nuclei. This releases further
neutrons and energy in the form of radiation and heat. The resulting heat is captured and,
depending on the type of reactor, directly or indirectly used to turn water into steam which

powers a turbine to generate electricity. A nuclear reactor contains approximately 100 tonnes



of uranium-235 (?3°U) fuel. After the fuel has been used to the limit of its commercial via-
bility, the spent fuel is retrieved from the detector and stored in cooling ponds for minimum
of 90 days. Uranium can be recovered from spent fuel however this procedure, known as
reprocessing, can produce additional radioactive waste. Many of the smaller nuclei which
result from fission interactions are radioactive and classified as waste. Due to the dangerous
nature of ionising radiation the waste produced from the nuclear fuel cycle must be managed

and securely stored so that it does not harm the environment and the public.

1.2 Nuclear decommissioning

Nuclear power stations which have ceased operations are put into a state of decommission-
ing. The goal of nuclear decommissioning is to deconstruct a nuclear facility and manage
its removal until the point at which radiation protection is no longer necessary. Given the
long half-life of many nuclear waste products this is a process which can take decades to

complete. Decommissioning involves many different stages, outlined in Fig. 1.1.

After the reactor has been shut down the facility enters a transitory phase which involves
the removal of fuel from the facility and preparations for future decommissioning. At this
stage further decommissioning may be deferred. The reactor is sealed and the process is
delayed. This allows for the core to cool, radiation to dissipate, and can help to manage
logistical challenges. The facility is then decontaminated and dismantled. Radioactive mate-
rials and equipment are removed and surfaces are cleaned. Finally, the site is demolished and
the grounds are remediated. This can involve monitoring radiation activity in groundwaters
and removing contaminated soil to protect the environment from any lingering contamina-

tion.



Current estimates put the cost of nuclear decommissioning in the UK at £124 billion and it
is expected to take at least 120 years to complete. Given the long term nature of decommis-
sioning the industry must constantly evolve to incorporate developments in technology and
public policy. One of the primary motivations for new research is to develop new ways to

reduce costs to the public and reduce risks to workers.

Operaon g Faclity

o

Remediation
(ground &
groundwater)

Figure 1.1: Decommissioning a nuclear facility is a multi-stage process, outlined in the above
figure. [1]



1.3 Nuclear waste

Some radioactive elements are naturally occurring in the Earth’s crust such as uranium-238
(38U), thorium-232 (?32Th), and potassium-40 (“°Th) while others, like *°Sr are introduced
as a consequence of human actions. *Sr is produced when ?3°U is broken down during the
fission process in nuclear reactors. Radioactive waste is any substance which is radioactive
or has been contaminated by radioactivity and has been determined to have no further use.
Radioactive waste can take many forms including liquid waste, solid waste, medical waste

and aqueous waste. There are six classes of radioactive waste [16]:

» Exempt waste (EW) is waste that meets the criteria for clearance, essentially is desig-

nated as not requiring radiation protection.

* Very short lived waste (VSLW) usually includes waste which decays rapidly over a
short time frame of a few years. Radionuclides used for medical purposes are usually

placed in this category.

* Very low level waste (VVLW) that does not meet the standard of exempt waste but can

be disposed of, without significant containment, in landfill-like facilities.

* Low level waste (LLW) contains fewer long lived radionuclides but is still above clear-
ance levels for disposal. This waste can be stored on surface level facilities, albeit for

hundreds of years.

* Intermediate level waste (ILW) is waste which still contains long lived radionuclides
but requires fewer accommodations made for heat dissipation. Must be stored under

ground, although generally not as deeply as HLW.

* High level waste (HLW) consists of long lived radionuclides which generate significant

quantities of heat and is typically disposed of hundreds of meters underground.



Depending on whether the waste is solid or liquid, it goes through a stage of characterisation
and segregation into different categories. The waste is then treated in order to achieve volume
reduction, radionuclide removal and a change of physical or chemical composition [17].
This can include removing radionuclides with ion exchange resins, neutralising chemicals,

or incinerating solid waste.

1.4  Strontium 90 monitoring and motivation for the project

During the process of processing or storing radioactive wastes, leaks and spills into the en-
vironment can occur. Once nuclear material enters the ground it may reach the groundwater
table, contaminating water resources and posing a potential threat to human health and the
wider environment. For this reason nuclear licensed sites must routinely monitor ground-
water to determine the level of contamination and take steps to ensure the safety of the
surrounding environment. As the nuclear decommissioning process can take hundreds of
years to complete, the task of monitoring this contamination is on-going and requires for-
ward planning to achieve a high standard of results while also managing budgetary concerns

in a long term project.

98r is a product of the nuclear fuel cycle and one of the primary beta emitting radionu-
clides found at nuclear decommissioning sites. “°Sr is chemically similar to calcium and if
ingested it can accumulate around skeletal features and induce cancerous disease. As a pure
beta emitter it is difficult to identify its presence due to the limited range of beta particles in
matter and the continuous spectrum over which they are emitted. *°Sr is currently monitored
by taking groundwater samples from the site to a lab and chemically isolating the radionu-
clide before counting its activity with a liquid scintillation counter. There is an interest in

developing new techniques and methods for monitoring radionuclide contamination in the



environment which can reduce risk and minimise costs. Therefore this research proposes a

novel approach to *°Sr monitoring with in-situ detection.

1.5 Outline of the thesis

This thesis will introduce the reader to the practice of monitoring strontium-90 in a ground-
water monitoring context and attempt to explain the creative process behind designing a
novel detector to improve this practice. Ultimately this will be done by establishing the
potential of the device with proof-of-concept experiments and simulations. The thesis is

broadly made up of three sections:
* Introduction, background and motivation
* Detector design, implementation and experiments

* Detector sensitivity and radionuclide identification

1.6 Aim, scope and novelty

This research aims to conceive, design and evaluate a novel method for monitoring *°Sr
contamination to meet the demand of the nuclear industry. The two challenges which must
be overcome are the short range of beta particles in water and the difficulty in identifying

beta emitting radionuclides from their spectra.



There are three aspects to this. Firstly, conceiving and designing a detector type which is
small enough to be deployed inside a groundwater borehole and water tight without attenu-
ating a significant fraction of radiation. Secondly, demonstrating the practical use of such a
detector in terms of its deployment in water and sensitivity to the radionuclides encountered
in a borehole. Finally, the thesis presents a solution to the historic problem for beta detectors

for radionuclide identification.

This was done by first conducting a review of existing groundwater monitoring techniques,
and establishing the difficulties faced by in-situ techniques. This highlighted the need for
a new approach using an in-situ detector. Semiconductors were identified as an appropri-
ate detector technology to use in a compact and water deployable detector. The current
state of semiconductor detector technologies was evaluated and relevant semiconductor ma-
terials were compared using Monte Carlo simulations. Suitable detector components were
researched and identified to fit a small scale form factor. Other practicalities were consid-
ered such as rudimentary waterproofing. The operation of the detector and its sensitivity
to radiation was demonstrated experimentally and its response to environmental conditions
was considered. The sensitivity of the detector to various radionuclides was evaluated using
Monte Carlo simulations. The ability of such a detector to identify individual radionuclides

in a mixed spectrum was demonstrated by using a linear regression technique.
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2. Background

2.1 Fundamental science of radiation and its interaction with matter

Radiation is emitted as a result of either radioactivity or nuclear reactions. Radioactive decay
is a process through which unstable nuclei find stability by spontaneously converting excess
energy into emitted radiation. These unstable nuclei are known as radionuclei and there are
two varieties, naturally occurring and artificially produced radionuclides. The significant
naturally occurring radionuclides which relate to nuclear power are **U, 2*°U, and 2**Th.
These radionuclides have long decay chains and are mined from the earth’s surface. Artifi-
cially made radionuclides are typically short lived and often the result of nuclear reactions
inside reactors. Nuclear reactions are interactions between nuclear particles, or nuclei, which
result in the emission of radiation and transformation of the reactants into different products
[23]. In nuclear reactors, the nucleus is split upon bombardment with neutrons which exceed
the binding energy of the nucleus. The amount of released energy is called the Q-value -
the difference between the binding energy of the reactants and products of the reaction. The
fission products (fission fragments) can receive approximately 85% of this energy as kinetic

energy.

The emitted radiation takes one of two forms, electromagnetic radiation or particle radia-
tion. The radiation is considered ionising when it can leave an atom positively charged by
the removal of an electron. This includes energetic charged particles or high energy pho-
tons such as gamma-rays or x-rays. Many particles with sufficient energy can be ionising

and frequently these are helium nuclei (alpha particles) or electrons and positrons (beta par-
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ticles). Charged particles continuously lose their energy through ionisation as they pass
through matter, and this gives them a limited range in matter compared to photons which
can travel long distances before they interact with a nucleus or electron and are absorbed.
Alpha particles have a range of a few centimetres in air but can be stopped by a sheet of
paper. Beta particles can travel up to a metre in air but can be stopped by skin, clothing or
layers of plastic. Gamma rays can travel much further in air and require a thick layer of lead
to absorb the majority of incident rays. These different properties mean that each type of
radiation presents different risks to humans which must be carefully considered when de-
signing radiation protection methods and different techniques must be used to detect each
type of radiation. Gamma photons can be more easily detected from a distance while alpha
and beta particles must be captured at very close range. This has presented difficulties when

designing detectors.
2.1.1 Beta particles

A beta particle is a fast and energetic electron or positron which is emitted during radioactive

decay.

72X =g Y +B 4T (2.1)

Beta decay is represented by the above equation, where X is the parent nuclei, Y is the
daughter nuclei, 7 is an anti-neutrino, and 3~ is the beta particle. When *°Sr decays it is
a result of an excess of neutrons in the nucleus, one of which will convert into a proton, a
beta particle and an anti-neutrino. The emission of the anti-neutrino during beta decay is
significant and explains why beta particles are emitted over a continuous energy spectrum as
opposed to the narrow energetic distributions of gamma and alpha radiation. The resulting
nucleus has little recoil energy and the decay energy is shared between the beta particle and

the neutrino. The maximum endpoint of the spectrum is the difference in mass between the
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parent nucleus and its products - the Q-value. Sometimes beta decay can leave nuclei in
an excited state which is resolved by the emission of a gamma-ray. This is the source for

gamma emission in *"Cs and ®°Co.
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Figure 2.1: An example of a generic continuous beta spectrum which terminates at an end-
point energy, Ensq.. [2]

When beta particles travel through matter their path is erratic with large deviations in direc-
tion. This is a result of the interactions beta particles have with either the nuclei of atoms or
the orbital electrons of atoms. These interactions can either be elastic, where none of the beta
particle’s energy is lost, or inelastic where the energy of the beta particle changes. Elastic
interactions are of limited importance to radiation detection as no energy exchange occurs.
When a beta particle collides inelastically with an orbital electron, some energy is passed
from the incident beta particle to the electron. The orbital electron may transfer to a higher
energy shell corresponding with the emission of a x-ray photon as the gap in the orbital shell
is filled by an electron, or if the orbital electron is sufficiently energised it can escape the
atom. The freed electron may cause further ionisations and this is the basis for radiation
detection in semiconductor detectors. The emitted gamma photons are mono-energetic and
this is determined by the energy levels of the daughter nucleus, this characteristic feature al-
lows for the identification of radionuclides based on their gamma emission. Alpha particles

can interact similarly with matter, but because they are thousands of times more massive the
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likelihood of interactions is increased and their range is significantly reduced. When a beta
particle interacts inelastically with a nucleus, its velocity can change and the lost energy is re-
leased as an x-ray photon. This is known as Bremsstrahlung radiation and this phenomenon

can be manipulated to produce x-ray beams for practical purposes.

Electromagnetic radiation such as gamma rays do not lose their energy continuously but
instead interact with matter through three processes: photo-electric absorption, the Compton
effect and pair production. In the photo-electric effect a photon is absorbed by an outer
orbital electron which is ejected from the atom, in turn ionising nearby atoms. Compton
scattering is when the energy of an incident photon is only partially absorbed, resulting
in a recoiling electron and the emission of a lower energy photon scattering at a different
angle. Pair production is a phenomenon for gammas with energy in excess of 1.022 MeV
which annihilates in the Coulomb field of a charged particle resulting in the production of an
electron-positron pair. The positron typically annihilates resulting in the further emission of

two 0.511 MeV photons.

2.1.2 Gamma radiation

55Cs137
30.17 a

56Bal37m
2.55m 0.6617 11/2-
0.6617 MeV'y
L obpal 0 3/2+
stable

Figure 2.2: Unstable '3"Cs transitions to the meta-stable 3" Ba, via beta emission, which in
turn decays via gamma emission to its stable state, 13"Ba. [3]

Gamma emission is the result of nuclei transitioning from an excited energy state to another.
Nuclei can be left unstable or energised after a nuclear reaction or decay and the energy states

are considered to be discretised. As the nucleus moves to the ground state, the excess en-
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Figure 2.3: An example of the '3"Cs gamma spectrum. There is an x-ray photopeak at the
beginning and the spectrum culminates in the 662 keV gamma photopeak. [4]

ergy is released as a gamma photon equivalent to the discrete energy difference between the
energy states. This is illustrated in Fig. 2.2. Gamma emission can also result after positron
decay, the emitted positron annihilates and this results in the emission of two oppositely di-
rected 0.511 MeV gamma photons. As gamma photons are emitted for discrete energies,
gamma spectra are characterised by peaks corresponding to these energy transitions. This

allows for gamma emitting radionuclides to be easily identified by their spectra.

2.1.3 Alpha radiation

Alpha particles are made up of two protons and two neutrons bound together in a form
identical to a “He nucleus. Alpha particles are only emitted by heavy nuclei, seen in Fig.
2.4. Alpha particles are emitted over discrete energies in the range from 4 to 10 MeV [23].
As alpha particles carry a +2 charge and are relatively massive, they are highly ionising and
have a very short range in matter, only a few centimetres in air. An alpha particle’s energy
dissipation is characterised by the Bragg curve, which features a sharp peak in energy loss
as the particle declines in speed. This property has presented difficulty when designing

alpha detectors because it’s very difficult to design a detection medium which can capture
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Figure 2.4: The #*®U decay chain which ultimately terminates in 2°°Pb. Alpha emission is
the predominant decay process for the heavy nuclides in the chain. [5]

the particles before they are completely absorbed. Despite the fact that alpha particles are
unable to penetrate human skin, if alpha emitters are ingested they are highly destructive due

to the amount of energy which is released in a short distance.
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2.2 The fundamentals of radiation detectors

2.2.1 Detector history

Radiation detection is a technique in which radiation interacts with a material in a controlled
system such that changes in the system can be observed. The changes generated in the
detection material are used to infer information about the nature of the radiation incident
on it. One of the earliest forms of radiation detection was the use of photographic plates to
detect X-rays, discovered by Rontgen in 1895. The X-rays striking the plate darkened it,
leaving a 2-D image of objects between the radiation and the plate. This simple technology
still has a legacy today in the form of film badges which are used as dosimeters for workers
in environments at risk of radiation. However this technology can only be applied to measure
the dose of radiation and its position relative to the plate. Electronic detectors which produce
a measurable current pulse in response to ionising radiation were developed, and these are
now used to detect the energy of radiation and its activity. Broadly speaking there are two

ways to detect radiation: indirectly with scintillation or directly with ionisation.
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Figure 2.5: A schematic of a scintillation detector and PMT. lonising radiation generates
photons in the scintillator which are converted into an electron avalanche in the PMT. These
electrons are processed by the electronics onboard the detector. [6]

Scintillation detectors have long been used to indirectly detect ionising radiation. Incident
radiation on a scintillator does not ionise it, but instead transfers energy to atoms. This

causes the atoms to ascend to higher energy states and emit a photon as they relax back to
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the ground state. This was initially discovered when alpha particles were observed to induce
luminescence in zinc sulphide screens. Each scintillation could be attributed to one alpha
particle, leading scientists to manually count each flash of light. To the relief of eye-strained
scientists, the invention of the photomultiplier tube (PMT) in the 1940s allowed the counting
to be done electronically. A PMT converts incident photons into an avalanche of electrons,
which produce a current pulse in proportion to the energy of the photon. In recent years
photodiode detectors have been used to count the photons, as they are more efficient, can be
made much smaller and require less voltage to operate. A scintillator detector is illustrated
in Fig. 2.5. Scintillators can be made out of organic material such as plastic, and organic
liquids. Liquid scintillators are a mainstay in decommissioning applications as it allows for
radionuclides to be mixed into the scintillation medium itself, thereby reducing inefficiency.
Inorganic material in the form of crystalline structures like doped sodium iodide are also

commonly used.

2.2.2 Detector properties

The sensitivity of a detector describes its ability to generate a signal in response to ionising
radiation. There are four factors which contribute to detector sensitivity: the likelihood of
radiation ionising the detection medium, the volume of the detection medium, the noise in
the detector system, and the attenuation of radiation as it travels through the detector casing
[24]. It’s desirable to achieve high sensitivity in the detector because it means that the signal
produced by the detector is large and subsequently reduces statistical uncertainty in the final
estimation of activity. However, it is not possible to design a detector which is sensitive to

all types of radiation and energy.

If the detector is sufficiently sensitive, then the energy deposited by the radiation can corre-
late with the magnitude of the output signal. This relationship is described by the detector
response. This function can be linear or non-linear depending on the type of detector and

the type of radiation. In an ideal situation, the incident radiation is completely absorbed
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within the sensitive medium of the detector and is correlated linearly with the output signal.
The detector response can be characterised by measuring the detector output to radiation of
known energy. A linear detector response is desirable as it is relatively simple to then design

the detector’s electronic systems [25].

(AE)2 = (AEStatistical)z + (AENoise)2 + ... 2.2)

When the detector’s output signal correlates with the input radiation energy then it follows
that the detector will have an ability to resolve between different energies. An ideal detector
would produce an infinitely narrow peak in response to mono-energetic radiation. In reality,
detectors produce a Gaussian shaped peak and the full width at half maximum (FWHM) of
the peak describes the energy resolution of the detector - its ability to distinguish between
two energy peaks. The number of charge carriers generated by radiation of a given energy
fluctuates according to Poisson-like statistics. Furthermore, the total energy resolution of
the detector contains a contribution from electronic noise and other sources of noise as sum-
marised in Equation 2.2. AF is the full-width half-maximum of the energy resolution of the

detector.

The summation of detector responses to a mono-energetic beam of radiation is defined as the
response function of the detector. The detector response to a mono-energetic beam deviates
from a sharp peak because the radiation can become attenuated as it travels through the
environment and detector casing which means only a fraction of the initial energy of the
particle is deposited in the detector. This combines with the previously described statistical
fluctuations in the detector to radiation to generate the response function. The response
function can be calibrated by measuring the energy resolution of the detector in response to

particle beams of known energy.
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Another characteristic to consider is the efficiency of the detector. There are two types of
detector efficiency, absolute and intrinsic. The absolute efficiency is a ratio of the total hits
in the detector to the total number of particles emitted by the source. As most radiation
is emitted isotropically, the physical design of the detector plays an important role in the
absolute efficiency. A detector which encompasses the source of radiation will be able to
capture radiation emitted at all angles, while a planar detector will only subtend a fraction of
the emitted radiation. The intrinsic efficiency is the ratio of particles which strike the detector
to the number of hits detected by the detector. It may be the case that some particles are

absorbed by the detector geometry or scattered upon contact with the detector surface.

2.3 Semiconductor detectors

Semiconductor detectors essentially work on the same principle as gas ionisation chambers.
Ionising radiation creates electron-hole pairs in the semiconductor material and by applying
areverse bias voltage to the semiconductor the number of electron-hole pairs can be counted
electronically. This section will explain some of the underlying properties of semiconductors

and their suitability as radiation detectors.

2.3.1 The fundamentals of semiconductors

A semiconductor is simply a material with conductive properties that fall between an insu-
lator, like glass, and a conductor, like metal. Unlike metals, a semiconductor’s conductivity
rises with its temperature. In practice this is an undesirable property for a radiation detector,
but it arises from the physical structure of the semiconductor material. Semiconductors have
a lattice crystal structure and the outer shell of electrons is considered to have an energy band
structure, Fig. 2.6. Electrons bound in the lattice structure occupy the lower valence band,

and electrons which occupy the upper valence band are free to navigate the lattice structure
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thereby giving rise to conductivity. These bands are separated by forbidden energy levels,
which arise as a result of the Pauli exclusion principle, and their difference in energy is called
the band gap, E,. The magnitude of the band gap is related to the physical lattice spacing be-
tween atoms, and electrons gain sufficient energy to traverse the gap when they are thermally
excited. In a semiconductor the bandgap is sufficiently wide such that only a few electrons

are able to traverse the bandgap and therefore the material is “semi-conducting”.
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Figure 2.6: The electrical bands in a semiconductor are discrete. [7]

In a semiconductor the charge carriers are electrons in the conduction band and the holes they
leave behind in the valence band. When the material is sufficiently cooled, no electron-hole
pairs are generated and the material is not conductive. In a pure semiconductor material the
number of electrons and holes are equal. This can be changed to altered the properties of the
semiconductor by introducing another element to the lattice structure, known as a dopant.
When the dopant results in an excess of negative charge carriers, the compound material is
called an n-type semiconductor. The excess of negative charge carriers are loosely bound,
and are energetic enough to sit near the top of the band gap. Very little energy is required for
these electrons to move to the conduction band and at room temperature the conduction band
becomes heavily concentrated with donor electrons. When an excess of holes is introduced,

the material is known as a p-type semiconductor. The excess of holes creates a new energy
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state close to the valence band which gets occupied by electrons, reducing the concentration
of free electron charge carriers in the material. Both types are electrically neutral as a result

of donor impurities.

The foundation of modern semiconductor detectors is the junction which forms when n-type
and p-type semiconductor materials are brought together. These junctions can be a p-n or
p-i-n type, with an intrinsic layer sandwiched between. When a p and n type semiconductor
are fused together, the excess of electrons and holes seeks to redistribute such that the free
electrons fill holes in the p-type material, creating a negative charge density, and the lack of
electrons in the n-type material leaves behind a region of positive charge on the other side of
the junction. This results in a region at the junction which is filled with recombined charge
carriers as the electric field across the gradient prevents any further diffusion of charge. This
is known as the depleted region and it is this region which is sensitive to ionising radiation.
The charge carries ionised by radiation in this field are swept away by the electric field
and can generate a current pulse in proportion to the energy of the radiation. The width of
the depleted region should be enhanced in order to improve charge collection and make the
detector more sensitive to radiation. This is principally achieved by applying a reverse biased
voltage to the semiconductor, by supplying a negative voltage to the p-side of the junction.
This widens the depleted region and makes charge collection more efficient as charge carriers
are more strongly pulled towards the metal contacts on the detector. Additionally, some
undoped, or intrinsic, semiconductor material can be placed between the p and n material to

form a p-i-n junction. This can significantly widen the sensitive region of the detector.

2.3.2 Semiconductor materials

Two of the most commonly used semiconductor materials are silicon (Si) and germanium
(Ge), in this thesis two compound semiconductors cadmium-telluride (CdTe) and gallium-
arsenide (GaAs) are discussed in depth . Some of the properties which are used to compare

semiconductor materials are electron mobility, hole mobility, the energy required to create an
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electron-hole pair, atomic number (Z). Other things like impurities can lead to material spe-
cific characteristics which affect detector performance, like charge trapping and polarisation.
The energy required to create an electron-hole pair is material dependent, and in general it
is much lower for semiconductors than other detection mediums like gases and scintillators.
As a result, many more charge carriers are created by ionising radiation and it is possible for
semiconductor detectors to achieve a much higher energy resolution. If it is assumed that the
radiation is fully absorbed in the detector body, then the relationship between charge carriers
and energy should be linear [25]. When the particles are not stopped by the detector, there
is a non-linear relationship between energy loss and charge carriers. However, it is observed
that there are fluctuations in these numbers and they do not necessarily follow Poisson statis-
tics. The variance in the number of charge carriers is described by the Fano factor, a term
which describes all the mechanisms by which radiation can lose energy in a material. This
factor is difficult to calculate and therefore is determined empirically for each material. In a
detector it’s desirable that there is as little signal as possible when ionising radiation is not
incident on the detector. Therefore if the band gap is narrow, at room temperature more elec-
trons will have sufficient thermal energy to leap the gap. Si and Ge have a bandgap of 1.12
and 0.75 eV respectively. This is considered to be a narrow bandgap, and in particular Ge de-
tectors must be cooled below 100k in order to reduce the leakage current in the detector[26].
This has practical implications for Ge detectors, they require sophisticated cooling systems
with vacuums which are impractical for in-situ use. CdTe and GaAs have band gaps of 1.5
and 1.44 eV and this has made them practical for room temperature operation [27, 28, 29].
In ideal conditions a reverse biased semiconductor would be non-conducting however in
reality this is not the case. There is always a small current present which prevents the small-
est signal pulses from being recognised and ultimately damages detector performance. The
leakage current arises from two principal factors, thermal excitation of charge carriers and
predominantly current which channels through the surface of the detector as a result of man-
ufacturing techniques, imperfections, contaminants and mounting materials. This is difficult

to generalise and should be determined experimentally for each detector.
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2.3.3 The application of semiconductors as radiation detectors

Most semiconductor detectors operate on the same principles. A reverse bias voltage is
applied to the semiconductor material, ionising radiation generates a current pulse, and this
current pulse is amplified by electronics and then counted to determine the activity of the
radiation. The voltage used in a semiconductor detector can range from 30V to 800V or
greater. In principle a higher voltage will widen the depletion region but may introduce

some instability in the long run.
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Figure 2.7: A charge sensitive pre-amplifier, the feedback capacitor Cy collects charge from
the detector and the feedback resistor R tails off the output signal.

The signals produced by semiconductor detectors are small and it is advantageous to amplify
them so that they can counted more easily. The amplification of the signal is done in two
stages, first a charge sensitive pre-amplifier (CSP) is used to boost the magnitude of the signal
and second the signal is shaped to a more suitable waveform using a shaping amplifier. Fig.
2.7 shows the typical components in a CSP. The feedback capacitor Cy collects charge from
the detector and performs an integrating function. The feedback resistor Ry is used to shape
the output so that it tails off and approximates a pulse. The amplifier steps up the output
signal in relation to the charge collected by the amplifier. The long tailed pulse is unsuited
to counting and the shaping amplifier is used to generate a Gaussian like pulse shape. The

shaping amplifier further modifies the pulse shape, producing a Gaussian pulse. The purpose
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of this is to make the pulse easily detected by an analog-to-digital converter and to improve

the signal to noise ratio in the detector [26].

2.3.4 Digitisation

A field programmable gate array (FPGA) is a type of microcontroller which consists of a
series of logic gates that can be reprogrammed ad hoc. FPGAs are used to compile programs
from a series of logic blocks, and as they are reprogrammable allow for quick iteration in
program development and prototyping. Essentially this allows for large scale physical cir-
cuits to be modelled digitally on a small scale device. This flexibility means that FPGAs
have become common place as a tool for instrument design. FPGAs typically have low
power consumption and can be manufactured in small scale form factors. These qualities

make FPGAs ideal for use in compact detectors.

FPGAs consist of reprogrammable logic blocks, and input/output (I/O) blocks which are
reprogrammable. This hardware is interfaced with by software, or specifically a hardware
description language (HDL). The two dominant HDLs are VHDL and Verilog, and these
are packaged by the major manufacturers of FPGA chips, Intel and Xilinx, into user friendly
graphical user interfaces (GUI). The HDLs are used to define the role of various logic blocks,
which include addition, multiplication and accumulation, within the FPGA. Newer FPGA
devices have incorporated memory storage, and use histograms to compile data. In this case,
the FPGA was programmed off the shelf to function as a digital pulse processor to create a
lightweight solution for a portable multichannel analyser. This was done with the software

RayPanel, based on VHDL, which programs the device to function as a spectroscope.

In the past pulse processing has been done with analog components, for example an oscil-
loscope. FPGA technology allows this to be done digitally, eliminating the need for bulky
analog electronics, reducing the sensitivity to thermal noise, and allows for the detection al-
gorithm to easily be tuned to fit the purpose. In this case, digital processing consists of an

initial analog conditioning stage for the signal acquired from the detector, the conditioned

24



signal is then digitised by a fast ADC and a FPGA where the pulse is further processed and
sorted into a histogram in accordance with its amplitude. The ADC samples at 100 MHz and

the digital processing consists employs a trapezoidal filter

This programming used in this project based on open source code for a digital spectroscope,

and is developed with the ISE WebPack (Xilinx Inc).
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3. Literature review

Reprinted from: G. Turkington, K. A. A. Gamage, J. Graham, Beta detection of strontium-90
and the potential for direct in situ beta detection for nuclear decommissioning applications,
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrome-
ters, Detectors and Associated Equipment 911 (2018) 55-65. doi:10.1016/j.nima.2018.09.101.
[18]

3.1 Abstract

Strontium-90 is one of the primary beta-emitting radionuclides found at nuclear decommis-
sioning sites. Monitoring its activity in the environment is of utmost importance given its
radiotoxicity. Current procedures for the beta detection of strontium-90 are time consuming,
produce secondary waste and expensive. There is a demand for real-time in situ radiostron-
tium monitoring in groundwater at nuclear decommissioning sites. This paper presents a
review of existing techniques for strontium-90 monitoring and examines a novel approach
through direct beta detection with a gallium arsenide photodiode based detector. A proof of
concept detector was modelled in the physics simulation software, Geant4, and evaluated as
candidate for in situ detection of beta emitting radionuclides. The simulation results indicate
that the detector is physically capable of counting 89.86% of incident 0.546 MeV electrons
from a 1 mm range in water. This validation will provide the basis for further development

of an in situ beta detector.
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3.2 Introduction

Strontium-90, %°Sr , is a beta emitting radioisotope produced during nuclear fission and has
been dispersed into the environment as a result of accidents at nuclear power plants, leaks
from nuclear waste storage and as fallout from nuclear weapons testing. Commonly known
as a “bone seeker”, %°Sr is chemically similar to fellow alkaline metal calcium, and when it
is ingested into the body it has the propensity to accumulate in bone structure [30, 31]. Given
the long half-life of °°Sr, 28.8 years [32], its presence in the body can lead to prolonged irra-
diation of skeletal bone structure, increasing the risk of damage to bone marrow, leukaemia
and other bone cancers [33, 34]. As a consequence, it is of great importance to monitor its

activity in the environment, particularly in groundwater surrounding nuclear facilities.

908r is one of the major beta emitting radionuclides found at the Sellafield site in Cumbria,
UK. Leaks and spills from corroded Magnox fuel cladding silos and neutralised nitrate con-
taining wastes [33, 35] have introduced radiostrontium into the environment, where it has
mixed with groundwater. Currently, counting beta emitting radionuclides is a long and ar-
duous process. Samples must be collected from groundwater boreholes, transported to a
laboratory, and processed with hazardous chemicals before the activity can be measured.
With nuclear decommissioning set to continue at sites like Sellafield for the next 100 years
and more, these procedures present logistical and financial challenges for the nuclear indus-
try. The recent disaster at the Fukushima Daiichi nuclear power plant (FDNPP) has brought
increased scrutiny on the proliferation of “°Sr in the environment and highlighted the need

for rapid and agile measurement procedures [36, 37].

Traditionally, contaminated groundwater is collected for analysis from monitoring boreholes
installed into the groundwater table. Within an aquifer comprised of unconsolidated deposits,
a filter pack and slotted PVC screen are typically installed into a borehole at a target depth.
These features prevent the influx of aquifer material while allowing water to flow into the

borehole. Water samples may then be pumped to the surface and transported to the laboratory
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Figure 3.1: A simplified diagram of a typical groundwater borehole scenario, and the
prospective deployment of an in situ photodiode detector.

where %Sr activity is determined by radiochemical analysis. This paper presents a review
of the current techniques used in beta detection and explores the potential for in situ beta-
counting by direct detection with gallium arsenide photodiode based detectors. This scenario
is illustrated in Figure 3.1, where a detector is placed directly into contaminated groundwater

in the screened interval of a borehole.

3.3 Beta radiation

Beta particles are electrons (e”) or positrons (e*) which are emitted during nuclear decay
processes. When an unstable nucleus decays via beta emission, a neutron transforms into a
proton and excess energy is shared between the emitted beta particle (e ™) and an antineutrino
(7). Equation 3.1 illustrates this through the beta-decay of °Sr . ?°Sr is a pure beta-emitter

with a maximum energy of 0.546 MeV [32]. Its daughter nuclei Yttrium-90, °Y has a shorter
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half-life of 64 hours and decays itself, via 2.28 MeV beta emission, into stable Zirconium-
90, ?°Zr. The short half-life of “°Y means that it is often found in secular equilibrium with

98r , a property which can be exploited in radiochemical analysis.

0Sr —0Y +e +7 (3.1)

Beta particles are emitted over a continuous energy spectrum, from zero to their maximum
end-point energy, see Figure 3.2. Depending on their initial energy, beta particles may have
a range of a few metres in air, centimetres in water and millimetres in aluminium [38]. Fast
moving electrons typically ionise matter as a result of inelastic coulomb collisions. When a
fast-moving electron is decelerated, usually by the electric field of an atomic nucleus, excess
energy may be released in the form of electromagnetic radiation, known as Bremsstrahlung

radiation [25].

As a beta particle travels through matter, coulombic interactions cause it to lose energy,
eventually to the point at which it is no longer detectable. This limited range in matter has
presented difficulties when designing beta detectors. In an ideal scenario a direct detector
would be small, lightweight and immersible in the detection medium. The detector must
operate at very close range in order to capture particles before they have lost a significant
fraction of their energy. In addition, an ideal device would be compatible with existing bore-
hole dimensions, be low maintenance and produce no waste. Wireless communications and
solar power could remove the need for obstructive headworks, thereby reducing infrastruc-
ture requirements. However, in the past these technologies have not been sufficiently devel-
oped or readily available. In light of this, many existing techniques have adopted an indirect
approach to detection. Indirect radiation detection sees the source stimulate a scintillator,
which produces flashes of light which are in turn detected by a photomultiplier tube (PMT)
or photodiode. These techniques see water pumped to the surface for sample collection,

necessitating surface infrastructure and regular maintenance.
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Figure 3.2: The gross beta spectrum observed, with a liquid scintillation spectrometer, from a
sample containing ?°Sr , ?°Y and %°Sr, where the constituent spectra have been deconvolved.
SQP(E) refers to the quenching parameter attributed to the sample [8].

3.4 Existing methods for *°Sr monitoring

When a sample of unknown radionuclear composition is collected from the environment,
the overlapping of their energy spectra makes it difficult to identify individual beta emitters
by spectroscopy. For many beta monitoring techniques, it is essential to isolate the target
radionuclide from the sample matrix, thereby removing any other source of radiation entering
the detector. There are a number of different methods which can be employed to achieve
this, including precipitation [39], liquid-liquid extraction [40], solid-phase extraction [41]
and chromatography [42]. When multiple radionuclides are present in the sample, which
is inevitable as %°Sr decays to °Y , it is possible to resolve radionuclides by their spectra
provided their beta energies differ significantly [43]. This is achieved by measuring activity

over multiple energy windows, and using the resulting information to mathematically resolve
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the individual energy spectra of the radionuclides present. C.K. Kim et al. demonstrated a
variation on this technique designed for rapid response to emergency scenarios. Their two
window approach generated results with minimum detectable limits compliant with IAEA

safety standards, with a counting time of just 1.5 hours [44].

Once a radionuclide has been isolated, it can be measured using existing beta counting de-
vices, such as gas ionisation chambers and liquid scintillation counters (LSC). Gas ionisation
counting is one of the oldest radiation counting techniques, and measures the avalanche of
charge induced as ionising radiation traverses a gas. Despite no longer being at the cutting
edge of technology, proportional gas counters have remained popular over the years due to
their simplicity, cheap construction and low operational costs. They are still used in the stan-
dard procedure for “°Sr monitoring in seawater by the Japanese Government [45]. Liquid
scintillation counting (LSC) sees a cocktail of organic fluorescence compounds stimulated
by ionising radiation into the emission of light which can be detected and used to deter-
mine the activity of a radioactive source. Given the low energy of some beta-emitters and
the relatively short penetration depth, LSC has become the most widely used technique for
measuring pure beta emitters [46]. However, beta counting by Cherenkov radiation and gas
proportional counters are the primary groundwater counting procedure used at Sellafield.
Provided the composition of the groundwater sample is known, gross beta counting may
offer a cheaper and quicker alternative. However, naturally occurring “°K and °Sr may
conceal “°Sr contamination from nuclear waste, meaning results are not suitable. This sec-
tion shall review the Cherenkov counting procedure, from sample preparation to activity
counting, and highlight the short-comings of this technique for nuclear decommissioning

applications.

3.4.1 Groundwater sample collection and pre-treatment

In a traditional groundwater monitoring programme, samples of groundwater are obtained

from installed monitoring boreholes, typically through either a dedicated or portable pump
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[47]. Samples for gross beta analysis are then filtered, if a dissolved concentration measure-
ment is required, before collection in a pre-acidified plastic container [48], which gives a

maximum recommended holding time of 1 month or 2 months for °Sr .

3.4.2 Radiochemical separation

Many beta counting procedures cannot resolve the spectra of different beta emitting particles,
therefore in order to accurately determine the activity of °Sr in an environmental ground-
water sample, it must be separated from contaminants and other radionuclides which may
interfere with the counting process. A number of techniques have been developed over the
years, each with its own advantages and disadvantages. This section shall investigate the
three most commonly used procedures, precipitation, liquid-liquid extraction and extraction

chromatography.

The oldest method for radiostrontium separation is by precipitation. In this procedure, stron-
tium is separated from calcium by exploiting the different solubilities of Ca and Sr nitrates in
concentrated fuming nitric acid [49, 39]. Radium, lead and barium are collected with barium
chromate and the remaining fission products are eliminated with iron hydroxide. *°Y can be
separated with hydroxide precipitation and prepared as an oxalate, ready for counting [39].
This procedure, and ones similar to it, have been developed, popularised and standardised
since the 1960s. The precipitation technique was popularised because it is robust, efficient
and can be applied to large volumes of samples. However it is also laborious, precipitations
must be repeated several times to sufficiently extract strontium from the sample [50, 51]. In
addition, the health and safety risks, posed through the use of extremely hazardous chemi-

cals, has motivated the development of more rapid and safe techniques.

The liquid-liquid extraction technique selectively isolates radionuclides with the use of two
immiscible chemical solvents, typically water and an organic solvent. When the analyte is
favourably soluble in the solvent, it will distribute itself from one phase to another, almost

completely [40]. This concept can be used to either separate °Y from the sample, for indi-
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rect measurement of “°Sr activity, or for selective extraction of “’Sr using crown ethers. Y
stripping from the sample is achieved with the use of tri-n-butyl phosphate (TBP), an organic
extractant compound [52]. The organic solvent must then be discarded by washing the sam-
ple with water, leaving the remaining *°Y to be precipitated to oxalate form and counted by

Cherenkov methods.

Extraction chromatography with crown ethers was investigated by Horowitz et. al. in 1990.
A crown ether, 4,4,(5°)-bis(tert-butyl cyclohexano)-18-crown-6 in 1-octanol, was sorbed
onto an inert substrate and used to selectively capture the strontium ions of interest [42].
Given the simplicity of preparation of the ether, and its strong performance in removing
strontium from a nitric acid sample, the ether was commercialised and is now sold as Sr
Resin, produced by EiChrom Industries, Inc [51]. Sr Resin has been widely adopted in
the nuclear industry because it is simple, can be completed in a few hours and is attractive
economically since the resin can be reused. However, as the properties of Sr Resin were fur-
ther investigated, some downsides were revealed. The process of acidifying large volumes
of water samples requires precipitation which is time-consuming and may be completed
at the expense of some strontium [53], particularly relevant when considering low activity
samples. Other extraction chromatography products have been manufactured, including 3M
Empore”™ Strontium Rad Disks and AnaLig®(R) gels. Empore’® Rad Disks consist of a
mesh of PTFE (teflon) fibres hosting AnaLig Sr-017" selective adsorption chromatographic
ligands [41, 54]. Essentially these filters consist of specifically crafted polymers, templated
on the desired molecule for extraction. The result is a very selective procedure which is

capable of separation *°Sr from even its daughter nuclei, *°Y [55].

Table 3.1: A comparison of radiochemical separation procedures for *°Sr in groundwater.

Method Avg. radiochemical yield *°Sr % Avg. Activity 4= 2U (Bq dm~?)
3M Empore’* Sr Rad Disk 96 377.6 £43.2
AnaLig® Sr-01(60-100 mesh) 99 328.8 £36.9
AnaLig® Sr-01(230—425 mesh) 97 383.9£433
Sr®(R) Resin 89 319.8 £ 34.4
Liquid extraction —TBP 86 3779 £ 25.0
Carbonate precipitation 54 3755 £45.5
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A comparative investigation of five different radiochemical separation techniques for %°Sr
in water was undertaken by J. Ometakova et al. in a 2011 study [56]. The traditional tech-
niques of strontium separation, carbonate co-precipitation and TBP liquid-liquid extraction,
were compared along side commercial Solid Phase Extraction (SPE) techniques using 3M
Empore’™ Strontium Rad Disks and AnaLig(R) Sr-01 resin at two different mesh levels.
The results, summarised in table 6.2, compare modern SPE extraction with older techniques.
SPE achieved higher radiochemical yields while also being substantially quicker and eas-
ier to complete compared to liquid-liquid extraction and precipitation. Separation using 3M
Empore’ Strontium Rad Disks was possible in 20 minutes. The authors also found that
the traditional methods incurred large volumes of liquid waste as well as the use of haz-
ardous concentrated acids. This is of significance to the nuclear decommissioning industry
where thousands of samples must be prepared each year, it is highly desirable to reduce the

production of secondary waste as much as possible.

3.4.3 Cherenkov radiation counting

When a charged particle moves through a medium with a velocity greater than the phase
velocity of light in that medium, energy is released in the form of light known as Cherenkov
radiation. Typically the photons released as Cherenkov radiation are from the UV and visible
portion of the electromagnetic spectrum, hence the characteristic blue glow which can be
observed in images from the interior of nuclear reactors. This phenomenon has been utilised
in the detection of beta particles released from “°Sr and its daughter nuclei. To produce
Cherenkov radiation in a medium, such as water, beta-particles must exceed a threshold
energy which is dependent on the refractive index of the medium [57, 58]. As such, the
refractive index of the selected medium can be used to discriminate between different sources
of radiation as the maximum energy of emitted energy from the radioisotope must greatly
surpass the threshold energy, given the spectrum of energised beta-particles released [59].
The light produced by Cherenkov radiation can be measured with existing commercial liquid

scintillators [60, 61, 62].
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Figure 3.3: A schematic view of the primary components in a typical TDCR LSC device.

Cherenkov radiation counting has a few advantages over similar liquid scintillation tech-
niques. The sample used in Cherenkov counting does not need to be incorporated into a
scintillation cocktail, resulting in more efficient sample preparation, disposal and the ability
to reuse samples [61]. One of the primary performance limiting factors in Cherenkov count-
ing is known as quenching. This is any process which reduces the intensity of light available
for detection by the PMTs. The primary quenching effect in Chernekov counting is colour
quenching, simply a consequence of discolouration of the sample, which contributes to the
absorption of light emitted during the Cherenkov process. However, this can be compensated

by calibration with a colour quench correction curve [62, 63].

An alternative is to use the Triple to Double Coincidence Ratio (TDCR) technique. TDCR
has recently become popular with many national metrology institutes as a method of deter-
mining primary activity standards. It is an absolute method of determining radioactivity in
a source and requires no reference to internal or external sources. TDCR requires a liquid
scintillation detector with three photomultiplier tubes (PMT) uniformly arranged around a
sample, Figure 3.3, with an electronics package capable of recording triple and double coin-
cidence events [64]. The activity of the source is calculated with a free-parameter statistical
model, which considers assumptions about the number of electrons generated during a decay

event in the detector [65, 66].

J. M. Olfert et. al. investigated a method for the rapid determination of °Sr and *°Y in wa-
ter samples by liquid scintillation and Cherenkov counting [9]. Groundwater samples were

collected from the discharge of a groundwater plume, filtered and acidified in preparation
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Figure 3.4: A comparison of radiochemical separation procedures for °Sr in groundwater
[9]. MDAC refers to the minimum detectable activity concentration.

for counting. This study compared five different techniques for *°Sr analysis: direct TDCR
counting of °Y , LS counting for *°Sr and *°Y after radiochemical separation, Cherenkov
counting for ?°Y after radiochemical separation and LS counting of the *°Sr sample for *°Y
in growth. After direct Cherenkov counting of *°Y , the samples were radiochemically sep-
arated, using Sr and DGA-N resins, into *°Sr and *°Y . The *°Sr sample was counted via
LSC, and recounted after 8 days to allow for *°Y in growth. Meanwhile, the °Y sample was
measured by Chernkov and LSC. Each sample was counted with a Hidex 300SL TDCR Lig-
uid Scintillation counter [67]. The results produced by each technique were consistent with
each other, validating the TDCR technique against the standard radiochemical procedure as
a method for detecting beta-emitting radionuclides (see Fig. 3.3). This affirmation highlights
TDCR as a technique with a number of advantages over radiochemical separation. The pro-
cedure is fast, requires no sample preparation and does not suffer from chemical quenching.
However, radiochemical separation assures that no interfering radionuclides are present in

the sample and results were produced within 1 day.

Initially, with a lack of suitable detectors commercially available, many TDCR systems were

purpose-built in laboratories. In the last few years, commercially produced detectors have
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become available such as the Hidex 300SL. However, these detectors are large and immobile,
rendering them ill-suited for in situ detection purposes. The European Metrology Research
Programme (EMRP) and the Joint Research Project MetroFission launched an initiative to
design and develop a portable TDCR device for use in situ at next generation power plants.
Four different national metrology institutes, NPL (UK), ENEA (Italy), LNHB (France), and
PTB (Germany) were tasked with producing a device. Each design had to be distinct yet
conform with a number of fundamental design principles. Chiefly that the device must fit

into a standard car and be light enough to be comfortably handled by one person [68].

The PTB design featured three channel photomultipliers packed into a compact optical cham-
ber itself ensconced in a foam carrying case, a portable mini NIM bin to house the electronics
and a portable PC for data acquisition and processing [64, 69]. Initial validations of the de-
vice found that it could measure the activity of some high energy nuclides, such as *Sr,
with uncertainties under 1% and a similar percentage deviation from reference TDCR mea-
surements. However, the performance of the device suffered when measuring lower energy
emitters as uncertainty contributions from low count statistics and background radiation took
on increased significance in the model. It was concluded that while the device was not of
the standard required for metrology applications, the device could be sufficient for other
field-based research. Indeed each of the devices produced in the design initiative showed
promising results in their initial validation measurements and offer promising potential for

further development.

Many procedures for Cherenkov counting of *°Sr have been developed over the years [70, 71]
and the technique has become the primary method for *°Sr analysis at the Sellafield decom-
missioning site. Currently, groundwater samples are pumped from boreholes and transported
to laboratories for analysis. Strontium is separated using ion exchange resins, and counted
in a two window approach[72]. The activity of the *°Sr source is counted immediately after
separation and again, after 20 to 30 days, once it has achieved secular equilibrium with its

daughter nuclei *°Y. The activity of the original “°Sr source is determined by the ingrowth
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of %Y. Across the Nuclear Decommissioning Authority, thousands of groundwater and solid
samples require analysis each year, and there is demand for ever more data to provide a
greater understanding of groundwater systems [72]. As this demand increases, the finan-
cial and temporal costs associated with Cherenkov counting will mount. This puts financial
and organisational strain on decommissioning sites and is the motivation for an alternative

approach.

3.4.4 Demand for next generation beta detectors

Sellafield, and other nuclear decommissioning sites, must plan their operation for the next
100+ years and there is an increasing demand for data to be collected more frequently and
in real-time while decreasing lifetime monitoring costs. This functionality will allow sites to
immediately respond to unexpected spikes in groundwater mobility, which may have gone
undetected with existing monitoring routines. In addition, more frequent data acquisition
would allow decommissioning sites to enhance their understanding of groundwater systems
and the daily factors which influence contaminant mobility. This would provide evidence
in the development of conceptual models for radionuclide transport in groundwater, and
enhance safety assessments which indicate whether groundwater strontium is being managed
correctly. Although more rapid and streamlined versions of existing techniques have been
developed [45, 55] , these are reserved for use in emergency scenarios and still suffer from

the same drawbacks in terms of chemical waste, sample collection and expenses.

Beta detection by gas ionisation chambers, liquid scintillation counting and Cherenkov count-
ing is very sensitive and precise, with minimum detectable limits of activity well below the
standards required to meet World Health Organisation (WHO) guidelines, 10 BqL~! [73].
Indeed, LSC has been adopted by many metrology institutions across the world, such is
the calibre of results it can provide. However, the practicalities of these procedures present
hazards for workers through manual handling of samples and the risk of exposure to radi-

ation. Samples must be collected from remote locations, delivered to laboratories, treated
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with chemicals, counted and finally disposed of. As these procedures must be completed
hundreds of times per year for the duration of the facility’s lifetime, there will be significant

operating costs and production of secondary wastes.

This paper seeks to propose an alternative approach to beta spectroscopy, through direct
in situ detection of beta radiation. Attempts have been made to produce in situ versions
of the weighty lab-based detectors required for existing techniques, but this does little to
satisfactorily address the demands for real-time radiostrontium monitoring in groundwater.
This paper considers a novel approach where the detector is deployed within groundwater
boreholes, directly at the source of radiation. This would require a radiation detector that
is sensitive to beta radiation, offers real-time detection, while also being highly portable.
Such a device would be unburdened by time-consuming sample collection and chemical
treatment procedures. One potential solution comes in the form of photodiodes, adapted
for use as direct radiation detectors. Photodiodes are devices designed to convert light into
electrical current, recognisably used in solar panels. The same mechanisms that allow for

the conversion of visible light to current also apply to ionising radiation.

3.5 PIN photodiodes

This research aims to develop a highly mobile, fast and efficient beta-radiation detector, free
from the lengthy chemical separation and counting procedures outlined in the previous sec-
tion. To this end, PIN photodiodes are being investigated as candidate for a light weight
radiation detector. Initially developed to detect photons and used as an alternative to PMTs,
photodiodes have been increasingly investigated in recent years as a tool for direct radiation
detection. In comparison with gas-filled or scintillation detectors, semiconductors have a

lower energy requirement for charged particle detection resulting in superior energy resolu-
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tion [74]. They now have a number of applications in medical imaging, dosimetry, power

generation and high-energy radiation experiments[75, 76, 11, 77].

In contrast to PN-junction semiconductors, PIN photodiodes have a large intrinsic layer sep-
arating the p and n-type layers. Figure 3.5 illustrates a simplified configuration of a PIN
photodiode and its interaction with ionising radiation. As radiation enters the intrinsic layer,
it disrupts electron-hole pairs which are swept up by a reverse-biased voltage and the re-
sulting current is measured. The more energy is deposited, the greater the current pulse
produced. By extending the size of the depleted region, a larger volume is presented for

ionising radiation to fully deposit its energy within the sensitive region of the detector.
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Figure 3.5: A simplified view of ionising radiation generating a current pulse in a PIN pho-
todiode operating under reverse biased voltage.

A number of materials are used to construct semiconductor photodiodes, each with their
own strengths and weaknesses. Silicon and germanium rapidly emerged as widely used
semiconductors, largely due to early advances in manufacturing allowing for high quality
devices to be made cheaply and quickly. However, these materials have properties which
make them less than ideal candidates for in situ beta detection. Germanium detectors offer

excellent energy resolution but, due to a very narrow bandgap of 0.66 eV, require cooling
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to liquid nitrogen temperatures to reduce thermally induced noise [25]. This clearly makes
germanium ill-suited for mobile applications. While silicon has a wider bandgap, 1.1 eV, it
still requires cooling and its low atomic number, 14, means it has relatively poor stopping

power for ionising radiation.

3.5.1 Gallium arsenide

Gallium arsenide has a number of properties which make it an attractive alternative to silicon
and other semiconductor materials. Gallium and arsenic have atomic numbers of 31 and 33,
respectively, resulting in the material having greater stopping power for ionising radiation,
like X-rays, in comparison with silicon devices [78, 79]. The bandgap of the compound
material, 1.42 eV, is wide enough that devices can be operated at room temperature [13,
78, 79] without overwhelming thermal noise. Table 3.2 compares some of the fundamental
properties of GaAs and Si. As the electron mobility of the GaAs is approximately 6 times

greater than Si, this should allow for a device which functions over a shorter time scale.

Table 3.2: A comparison between the semiconductor properties of Si and GaAs [14].

Property Silicon Gallium-arsenide
z 14 32
p (gem™3) 2.33 5.31
Radiation Length (cm) 9.36 2.3
Pair Production Energy (eV)  3.55 4.27
Electron Mobility (cm?/Vs) 1500 7000-8500

Radiation detectors, unsurprisingly, are bombarded with ionising radiation and it is important
that the device is not degraded or significantly damaged over time. The ability of a material
to withstand the damage is known as its radiation hardness. There are two principal ways in
which radiation can negatively affect a semiconductor, displacement damage and ionisation
damage. Displacement damage refers to the permanent physical dislocation of atoms from
their lattice positions by incoming radiation. This produces defects in the material resulting
in intermediate energy states, facilitating easier separation of electron-hole pairs, thus gen-
erating current and contributing to noise in the detector. Additionally, charges can become

trapped on intermediate levels, which will negatively affect counting statistics. Ionisation
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damage occurs after energy deposition in the detector frees electron-hole pairs which drift to
other locations and become trapped. When sufficient concentrations of charge are trapped,

localised parasitic electric fields can develop [80].

A. Sagatova et al investigated the radiation hardness of GaAs devices against gamma radia-
tion, high energy electrons and fast neutrons [15]. The detectors, beams and doses used in

their experimentation is summarised in Table 4.1. An Am?%!

gamma spectrum was captured
at each dosage and the results of electron damage on the spectra acquired, photopeak area,
charge collection efficiency (CCE) and full width half maximum (FWHM), indicative of the
energy resolution, were documented. Curiously, the results reported indicated that low doses,
1 kGy, of electron damage may even improve the performance of the detector, and this was
attributed to the radiation damage compensating for pre-existing defects in the device. The
study found that the damaging induced by electrons was up to 10 times worse than that of
gamma photons, and up to 1000 time worse for neutrons. Indeed, the device was no longer
functional after a dose of 0.576 kGy of fast neutrons, and was still functional, albeit in a
limited capacity, after the full course of electrons and gamma.

Table 3.3: Experiments carried out by A. Sagatova et al [15] determining the radiation hard-
ness of GaAs.

Radiation Detector Thickness (um) Energy (MeV) Max Dose (kGy)

Gamma 250 1.33 1140
Electrons 230 5 104
Neutrons 300 2-30 3.215

The radiation damage in GaAs sensors has been investigated by numerous studies [14, 81,
82] and has been compared favourably with silicon [82]. The strong radiation hardness of
GaAs, has seen the material used radiation harsh environments like high energy particle
accelerators and satellites, and suggests that GaAs is a viable candidate for use at nuclear

waste disposal facilities.

In recent years, GaAs photodiodes garnered increasing interest for their potential as X-ray

imaging devices. One of the hurdles in this has developing detectors with intrinsic layers
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thick enough to stop energetic radiation such as X-rays, with as few defects as possible to
maintain strong energy resolution. Detectors designed for beta detection will likely require

similarly thick intrinsic layers.

The major imperfection associated with GaAs crystals is known as the EL2 defect. This
defect is present in many fabrications techniques, including Metal Organic Chemical Vapour
Deposition (MOCVD) and Liquid Encapsulated Czochralski (LEC), however is notably ab-
sent in Molecular Beam Epitaxy (MBE) [83]. The exact nature of this defect is the subject of
much debate, but it is known to produce a midgap deep level, essentially a trap for electrons.
The presence of the EL2 defect restricts the sensitive volume of the device, which is crucial
for radiation detection. The ionised form of the defect meanwhile reduces electron lifetime,
dampening charge collection efficiency and therefore energy resolution [11]. This defect has
presented a stumbling block in the use of GaAs photodiodes in sensitive applications, such

as medical imaging and radiation detection.

3.5.2 Applications in radiation detection

One of the limiting factors in the adoption of GaAs devices as radiation detectors has been
the presence of defects, such as EL2, in the bulk material. This induces a small sensitive
layer thickness, low values of electron charge collection efficiency, current oscillations in the
detector and non-uniform field distribution. A. V. Tyazhev et al [10] noted these flaws in the
LEC process. As an alternative, they proposed using chromium compensated GaAs layers.
Their study validated the composition through I-V characterisation, electric field distribution
tests and CCE assessment. It was found that chromium doped GaAs offers high resistivity,
thickness approaching 1 mm, more uniform electric field distribution and functional levels of
CCE for use in X-ray pixel detectors. Figure 3.6 offers a point of comparison between a LEC
GaAs device, operating at 250 V, and a chromium compensated device, on the right. The
function plotted is /' = 1—T', where T is the spatial distribution of light transmission through

the detector thickness. This demonstrates that chromium compensated GaAs structures offer
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a more uniform electric field distribution, which is stable over a range of operating voltages.

This uniformity of electric field is significant, because it allows for detectors with very thick

intrinsic layers to be operational.
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Figure 3.6: These graphs plot the function F, a cypher for electric field distribution, through
a LEC frabricated detector, left, and a chromium compensated detector, right [10].

Building on A. V. Tyazhev’s research, M.C. Veale et al [11] produced 500 pzm thick chromium
compensated GaAs devices and tested their potential for X-ray and v-ray spectroscopy and
imaging. The GaAs wafer was affixed to Schottky electrodes, etched with an 80x80 array of
200 pm anode pixels and bonded to a HEXITEC ASIC readout chip. I-V characteristics for
the device were measured at 280 K and 298 K, with the room temperature resistivity mea-
sured as 2.5x 10 Qcm. To investigate the spectroscopic ability of the detector, an 2*! Am
spectrum was collected at 280 K. The FWHM of the 60 keV photopeak in this figure is 2.9
keV. As a proof of concept for X-ray imaging a test object, fitted with different materials, and
imaged by 5-80 keV X-rays. This is illustrated in Figure 3.7. The materials, from clockwise,
are adhesive putty, indium, lead, tin, and indium. The image produced, right, indicates the
ability of the detector to distinguish between different materials thereby functioning as an

imaging device.

Elsewhere, C. Erd et al [84] developed a spectroscopic X-ray imaging device based on epi-
taxially grown GaAs. The prototype array was fabricated by growing a 325 um epitaxial

intrinsic GaAs layer onto a 200 ym n+ substrate, topped with a 6 pm p+ layer, completing
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Figure 3.7: A proof of concept demonstration of X-ray imaging with a GaAs sensor [11].

the PIN structure. The 1.1 cm? surface area was etched into a grid of 32x32 pixels. Optimal
operating conditions for the reverse bias, 60 V, were established and the energy resolution
of individual pixels were found to range from approximately 290 eV for a 5.9 keV beam
and 780 eV for a 100 keV beam. These results were obtained at room temperature, and the
investigations into variation of resolution with temperature found a 10% gain in resolution

as the device was cooled to 5 °C with negligible improvements at cooler temperatures.

The results found here can be contrasted with the previously cited study into chromium
compensated GaAs. C. Erd et al’s device was anticipated to achieve a resolution of 0.5 keV
for the 60 keV photopeak on an %! Am source at room temperature. The same photopeak has
aresolution of 2.9 keV for the GaAs:Cr detector. The GaAs:Cr detector has a thicker intrinsic
layer, which should contribute to better energy resolution in principle, however this device
was not based on epitaxially grown GaAs, as was the case with C. Erd’s device. Veale et al
selected the LEC growth technique in order to grow a thick material bulk whereas the MBE
technique allows for the precise and orderly growth of crystal layers, at lower temperatures
than LEC, reducing the risk of defect inducing effects like interdiffusion [85]. Deficiencies in
material quality can give rise to charge collection inefficiencies which introduce noise to the
detriment of energy resolution. Furthermore, C. Erd et al developed and tested low noise pre-
amplifier designs which may have played an additional role in the superior energy resolution

of their device. C. Erd, et al also found the FWHM of a 5.9 keV photopeak, 0.26 keV,
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which can be contrasted with a more recent study by G. Lioliou et al [79]. They conducted a
comprehensive characterisation of MOVCD GaAs photodiodes, fabricating 200 m and 400
pm diameter device with 10 pm thick intrinsic layers. The detectors have energy resolutions
of 0.69 keV and 0.73 keV respectively. The authors suggest their relatively thin device suffers
primarily from the effects dielectric noise in addition to white series noise and Fano noise.
These factors are all correlated with the capacitance of the device, which is reduced in thicker
devices. This can give rise to a number of benefits including increased quantum efficiency
and lower pulse shaping times [25]. Future work will see the authors reconsider the design
of the pre-amplifier by combining the photodiode and the junction gate field-effect transistor
(JFET) into the same substrate with the aim of reducing dielectric noise. Additionally, further
refinements in device passivation may reduce surface leakage current and bring the energy

resolution performance closer to the previously discussed devices.

There are many other studies investigating the burgeoning field of X-ray spectroscopy by
GaAs photodioes and it can be concluded that these devices have potential in this field [86,
87]. These studies have validated some of the advantages of using GaAs including radiation
hardness, energy resolution and room temperature operation. In addition to giving insight
into suitable fabrication techniques, I-V characteristics and potential readout electronics.

However, there have been few documentations of their application to beta radiation.

Barnett, Lees, and Bassford attempted direct detection of *H and '“C beta particles with
GaAs photodiodes [12]. Their detectors were grown by MBE and photolithographically
etched into 200 pum diameter diodes with 2 pm thick intrinsic layers. Beta propagation
through the device was simulated with the Monte Carlo software, CASINO [88]. Particles
ranging in energy from 1 keV to 156.48 keV were simulated, investigating their penetration
depth and deposition of energy within the detector. Figure 3.8 shows the results of the simu-
lation of 156.48 keV electrons. It can be observed that the thin intrinsic layer of this detector
is not sufficient to stop incoming radiation of this energy, and the electrons penetrate into

the substrate layer of the diode. This indicates that a much thicker intrinsic layer would be
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required for beta particles approaching the energy of those released by *°Sr and *°Y . Other
results from this study indicate that the limiting factor on the detection of low energy beta
particles, less than 5 keV, is the p-type layer on the surface of the detector. This region atten-
uates the particles sufficiently such that the maximum proportion of their energy deposited
in the intrinsic layer is only 50%. The detector was used to capture *H and '“C spectra
which, after calibration, showed accordance with accepted spectra for these nuclides. The
results presented here are promising for the potential of GaAs detectors, although evidently

the intrinsic layer is likely much too thin for efficient °Sr detection.

14392 nm

21588

28784

Figure 3.8: The percentage of initial energy, 156.48 keV, of beta particles deposited in a
GaAs detector [12]

Lioliou and Barnett [89] characterised GaAs p*-i-n™ mesa photodiodes to assess their po-
tential as low energy beta spectrometers with a view to using them in applications for space
plasma physics. GaAs photodiodes were fabricated for this study at the EPSRC National
Centre for III-V Technologies, Sheffield, with a 10 xm undoped GaAs intrinsic layer sand-
wiched between a 0.50 um thick GaAs p* layer and a 1 um n* layer. Reportedly the thickest
X-ray mesa photodiodes produced to date, the wafers used for beta spectroscopy had a 200
pm diameter. Initially, the detectors were simulated with the Monte Carlo simulation soft-
ware, CASINO. A point source of 4,000 electrons, varying from 1 keV to 66 keV, were fired

at the detector surface and the depth of their penetration is summarised in Figure 3.9. Simu-

47



lations were run with and without the presence of the Ohmic contact required on the detector,
which covered 45% of the detector’s surface. The simulation predicted a maximum external
quantum efficiency of 49% from a 66 keV source, with the major limiting factors being the

absorption of electrons in the top layers of the diode and the Ohmic contacts.

Figure 3.9: The simulated absorption depth of electrons in a GaAs p*™-i-n' detector as a
function of their energy [13]

Following on from the simulation, a real-world validation was carried out. A %Ni source was
placed 5 mm above the surface of the GaAs photodiode, which was operating under a 10 V
reverse bias. After a counting time of 400 s the collected beta spectrum was compared with
the accepted spectrum of a ®3Ni beta source, normalised to reflect experimental conditions.
The maximum energy observed in the intrinsic region was approximately 50 keV, suggesting
that maximum energy particles were losing 16 keV. This was a 9 keV difference from the
maximum energy predicted in the simulation. This discrepancy was attributed to the absorp-
tion of energy in insensitive sections of the detector, including the p* layer in the device, the
nickel protective layer around the source and the air gap between source and detector. While
these results were promising for the potential of GaAs photodiodes as electron spectrome-
ters, they were conducted with a device designed for X-ray rather than beta-spectrometry
in mind. The response of the device to much higher energy electrons remains to be seen,
whether they are stopped by the intrinsic layer in sufficient numbers to produce a clear sig-

nal. It is likely that detection of “’Sr with GaAs photodiodes will require devices thicker
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than the 10 um devices which have been tested in these studies. The photodiodes fabricated
for X-ray detection have demonstrated that it is possible to produce thicker detectors and by
producing a chromium doped or epitaxially grown device can address the defects which have

previously hindered the development of GaAs devices.

3.6 Monte-Carlo simulations

Reviewing the literature has highlighted some tentative studies applying GaAs photodiodes
as beta radiation detectors, however, these have only been applied to low energy beta emit-
ters. The devices used have relatively thin intrinsic layers, particularly in comparison with
some of the detectors being developed for X-ray detection. A proof of concept simulation
was developed to investigate the potential for GaAs as a beta detector in a groundwater
borehole scenario, for energies on the scale of “°Sr and °Y decay. The physics simulation
package, Geant4, was used to construct a basic model of a GaAs detector and simulate its
interaction with beta-particles. Geant4 is a Monte Carlo simulation based software and is
written in the object-oriented programming language C++ [90]. Step by step the software
tracks the path of radiation as it travels through matter. At each step the probability of in-
teraction and random number generation predict the next step along the particle’s track. The
exact nature of the physics processes invoked in the simulation and their cross-sections are
defined by the “Physics List” selected for the simulation. Geant4 includes a number of refer-
ence Physics Lists and this simulation used the FTFP_BERT list, the Geant4 default which

is valid for electrons up to 100 TeV.

The proof of concept detector was based on a device created by C. Erd et al [84]. This design
was selected due to the relatively thick intrinsic layer, especially in comparison with previ-
ous detectors applied to beta radiation. Matching the thickness of the intrinsic layer, 0.325

mm, and surface area, 1.1 cm?, a GaAs detector was created in Geant4 code and placed in
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Figure 3.10: An overall visualisation of the Geant4 simulation can be seen in image a).
Image b) is a cross section of the well, filled with °°Sr contaminated groundwater. As nuclei
decay beta particles are released and traverse the water in erratic paths. They are either fully
absorbed, deflected, or release bremsstrahlung radiation, the long straight lines. Bright dots
mark steps in the particle’s path.

a modelled groundwater borehole. Figure 3.10a visualises the borehole with the detector
submerged in groundwater. A cross section of the scenario is seen in Figure 3.10b. Here,
decaying %°Sr particles are randomly dispersed throughout the groundwater. As *°Sr decays,
electrons, the short erratic trajectories, are released and tracked as they travel through space.
Bright dots mark steps along the particle’s trajectory before it is fully absorbed by the envi-
ronment or the detector. As the particles interact the detector they are either backscattered,
pass through the detector while only depositing a fraction of their energy, or fully absorbed
within the intrinsic layer of the detector. Their energy and path are recorded, along with
the number of counts in the detector for the entire run. The long and straight particle lines

shown in this image represent photons, likely the result of the Bremsstrahlung effect. The

anti-neutrinos released during beta decay are hidden for visual clarity.

The initial simulation examined whether the detector had sufficient stopping power to detect
electrons emitted during “°Sr and *°Y decay. A particle gun was positioned 0.1 mm from the

surface of the detector and the energy of the beam was increased from 0.1 MeV to 2.2 MeV.
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Figure 3.11: The number of counts recorded in the detector for increasing beams of electron
energy. Errors range from 435 to 4-1.290 x10% and as such are not clearly visible on the
graph.

Each run consisted of 5 x 10° electrons and the results can be seen in Figure 3.11. Fewer
counts are observed at lower energies, attributed to the increased likelihood of low energy
electrons to be absorbed before detection and to backscatter on the surface of the detector. As
the energy increases to 1.2 MeV, nearly the entire run of electrons, 99% on average, deposit
energy in the detector and are counted. However, this does not account for how much energy
is being deposited by each particle. Some electrons are backscattered, leaving only a fraction
of their energy, or simply pass through the detector. When designing the photodiode, it will
be of utmost importance to ensure the intrinsic layer is thick enough to fully capture the
energy of particles released by the radionuclides of interest, thereby being capable of fully

recording their beta spectra.

The second simulation investigated how the intensity of the radiation detected varied with
increasing distance from the source. A 0.546 MeV beam of electrons was fired at the detector
from 0.1 cm away increasing to 8.5 cm. Figure 3.12 displays the results. The number of
counts observed by the detector decays exponentially with increasing distance. Particles

released within few millimetres from the detector’s surface, dropping to tens of counts at a
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range of 8 cm. This detector aims to be used in situ, and will have to operate at some distance

from the source, so the detectable range of the detector is a key characterisation.

107 E T T T T T T T

Distance (cm)

Figure 3.12: The number of counts detected as the detector is moved further away from a
0.546 MeV electron beam source.

As an exhibition of the potential application of the detector, the device was used to collect
a spectrum of radiation from a contaminated groundwater source. A 5 cm deep cylinder
of water was randomly filled with decaying *°Sr particles. A full decay chain was realised
for each %°Sr particle, resulting in *°Y production and decay to stable Zr. The simulation
ran for 1x107 decay events. The spectrum of beta radiation captured in the detector is seen
in Figure 3.13. The first peak is largely comprised of beta particles released during *°Sr
decay, and the lower second peak is indicative of °Y decay, which tails off at a much higher
energy, approximately 1.8 MeV. It should be noted that the particles generated during this
simulation must travel some distance before reaching the detector, and as such will have

already lost some of their kinetic energy to the surrounding environment.

The simulation results presented here are encouraging for the potential of GaAs photodiodes
as in situ detectors for the radiometric assay of “°Sr . It has been demonstrated that a de-

tector of real-world proportions can be successfully detect beta particles of the energy scale
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Figure 3.13: The spectra of beta particle energy recorded in the detector after 1x107 *°Sr
decay events were simulated. The large peak at the start of the spectrum is a result of par-
tially absorbed beta particles. The peak visible at the start of the spectrum is due to to the
backscatter and partial absorption of beta particles in the detector. The second peak, at 0.3
MeV, is due to the emission of Y.

required in a situation modelled on a real world scenario. This suggests there is potential to

use GaAs photodiodes in the development of an in situ beta detector.
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3.7 Conclusions

This paper has presented a review of existing methods for the radiometric analysis of *°Sr in
the environment and their suitability, or lack thereof, for in situ detection has been examined.
Nuclear decommissioning sites have a demand for real-time, in situ, monitoring of radionu-
clides in groundwater to improve their response to fluctuations in groundwater activity and to
further evaluate waste management. Current techniques are lab-based, time consuming and
expensive. While there have been attempts to reduce the time-scales involved in these proce-
dures, and create more mobile detectors, these only go part way to addressing the practical
difficulties associated with these techniques. A novel approach based on the direct detection
of beta radiation has been proposed. GaAs photodiodes were examined for their ability to di-
rectly detect ionising radiation, and their suitability for beta radiation was validated through

simulation.

The research presented here has suggested that GaAs is indeed a strong candidate for an
in situ beta detector. The wide bandgap of the material means it can eschew the cooling
requirements of other semiconductors, reducing the size and weight of the detector. Mean-
while its radiation hardness suggests GaAs devices are well suited for operation at sites of
nuclear waste and spillage. Development of such a device will enable real-time counting
of beta radiation in difficult to reach areas, such as groundwater boreholes, reducing risk of

exposure to workers.

Initial Geant4 simulations have demonstrated that GaAs has right physical properties to de-
tect beta radiation. The fabrication technique selected can have an influence on the defects
present in the device and its operating characteristics, energy resolution and efficiency. Pho-
todiode junction layers and electronics readout systems will also influence the energy depo-

sition of radiation in the detector.
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4. Detector Design

Reprinted from: G. Turkington, K. A. A. Gamage, J. Graham, Direct measurement of stron-
tium 90 in groundwater: Geometry optimisation of a photodiode based detector, Journal
of Instrumentation 14 (10) (2019) P10018—P10018. doi:10.1088/1748- 0221/14/10/P10018.
[19]

4.1 Abstract

This paper examines the feasibility of detecting strontium 90 in groundwater directly with
photodiodes and considers the physical parameters which maximise radiation absorption
within the detector. Geant4 simulations were used to draw comparisons between silicon,
gallium arsenide and cadmium telluride detectors of varying surface area and thickness. De-
tectors were compared in their ability to absorb point and scattered sources of radiation. The
results indicate that a large surface area detector, up to 10 mm?, and 1 mm thick offered
the highest detection efficiency in a contaminated groundwater simulation. 1 mm thick and
100 mm? detectors cadmium telluride and gallium arsenide detectors were modelled in a
groundwater borehole scenario. Each material offered similar detection efficiency, but the
greater backscattering effect in cadmium telluride resulted in a greater peak at lower energies

compared to that observed in gallium arsenide.
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4.2 Introduction

Leaks and spills of waste at nuclear decommissioning sites have introduced radionuclides,
such as ?°Sr, into environment resulting in contamination of the groundwater table. °Sr has
a half-life of 28.8 years and decays with an end-point energy at 0.546 MeV. Its daughter, Yt-
trium 90, decays with an end-point energy of 2.278 MeV with a significantly shorter half-life
of 64 hours [32]. Due to its half life and radiotoxicity Sr-90 will need routinely monitoring
for many decades on some sites. Current techniques necessitate the manual sampling of
groundwater from boreholes and analysis is performed in off-site laboratories. Samples are
radiochemically treated and activity is measured by liquid scintillation, Cherenkov or propor-
tional gas counting methods [49]. These processes are time consuming, produce secondary
waste and are expensive. By detecting radiation directly and in situ, the need for sample col-
lection can be eliminated which may reduce the worker dose and lifetime monitoring costs
[18]. This paper proposes the optimal physical characteristics for a photodiode detector for

in situ °°Sr measurement in groundwater.

4.2.1 Semiconductor diodes

Photodiodes are semiconductor materials which produce a current pulse in response to ion-
ising radiation when operating under a reverse bias voltage. Incident radiation separates
electron-hole pairs within the intrinsic region, producing a current pulse in proportion to the
energy deposited by the incident particle. Photodiodes may be formed by placing a layer
of undoped semiconductor between positively, p, and negatively, n, doped layers, forming a
p-i-n junction, or the deposition of metal contacts onto the semiconductor material, forming
an ohmic or Schottky diode. The undoped intrinsic layer is the sensitive region and respon-
sible for charge generation as ionising radiation is absorbed within the detector. Originally
developed as photon detectors, in recent years photodiodes have been used to detect ionising

radiation [91, 92].
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Photodiodes are fabricated from numerous materials, each with unique properties. Silicon is
the most commonly used, mature and widely available semiconductor. It has a low atomic
number, 14, and a narrow bandgap, 1.17 eV. The narrow bandgap means that silicon detectors
must often be cooled to reduce thermal noise [25]. GaAs has a higher effective atomic
number, 32, and a bandgap of 1.42 eV which makes it viable at room temperature [78]
and has superior resistance to radiation damage [15]. In recent years GaAs detectors been
developed as gamma and X-ray detectors with applications in medical physics and astronomy
[91, 84, 87, 79, 93]. The intrinsic layer in these devices range from just 10 pm to 500
pm. CdTe has an even higher effective atomic number, 50, than GaAs, and an even wider
bandgap, 1.5 eV. In principle, these properties suggest CdTe may be even more effective at
absorbing ionising radiation while also capable of room temperature operation [92, 94, 95,

96].

This paper aims to design photodiodes which will be deployed into contaminated ground-
water to determine the activity of “°Sr directly. The detection efficiency must be maximised,
defined as the ratio between the number of particles which deposit energy in the detector and
the number of particles emitted [25]. The surface area, thickness and material composition
of the detector are factors which will determine the detection efficiency. In this case the
detector must be capable of fully absorbing the beta particles released during *°Sr decay, up
to 0.546 MeV, and *°Y decay, up to 2.278 MeV. If the particles in question are of sufficient
energy, they will simply pass right through the detector, while only depositing a fraction of
their initial energy. While this can be recorded as a “hit” in the detector, and can be used
to determine the activity of a source, the information will be insufficient for capturing a

spectrum of emission.
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4.3 Monte Carlo simulations

Geant4 is a Monte Carlo simulation code developed to model the propagation of radiation
through matter [97]. Written in C++, Geant4 code has been used to simulate radiation-matter
interactions in high-energy particle physics, medical and nuclear applications. The software
traces radiation, step by step, as it traverses through matter. The probability of interactions
with matter are described by probability distributions, known as cross-sections. Random
number generation at the beginning of each step determines the outcome of the interaction.
Data about the detector’s response to radiation can then be collated and processed. The cross-
sections are determined by the “physics list” which details the set of processes involved in
the simulation. In this project a Geant4 model has been developed to simulate how beta
radiation is absorbed in photodiodes in a groundwater borehole environment, and whether
they are suitable for use as in situ beta detectors. This simulation used the FTFP BERT list

which covers electron interactions up to 100 TeV.

4.3.1 Absorption of beta particles

The thickness of the detector is one of the factors which will determine how effectively it
absorbs incident beta particles. Detectors of increasing thickness were modelled with 100
mm? surface areas. A beam of 1 x 107 0.546 MeV electrons was fired into the centre of the
detector, from the surface, and the energy deposition of each particle was recorded. The re-
sults are displayed in Fig. B.1. As anticipated, Si fully absorbed significantly fewer particles
than GaAs and CdTe at at lower thicknesses due to its lower atomic number. The detector
only begins to fully absorb a small fraction, 1.766 % +0.004, of incident particles when
the thickness is approximately 200 ym. CdTe outperformed GaAs in this range, however
at 300 pm GaAs absorbed a higher percentage of particles completely. As the thickness of
the detectors further increases, Si begins to absorb a greater proportion of particles and out-
performs GaAs and CdTe at 800 ym. While GaAs and CdTe show diminishing returns as

detector thickness is increased beyond 400 pm, Si does not exhibit the same behaviour in this
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range, and is capable of fully absorbing 71.696% =+0.027 of incident beta particles at 800
pm thickness. Meanwhile CdTe only fully absorbed 50.590% +0.0230f incident particles
and GaAs 58.903% +0.024.
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Figure 4.1: A comparison of complete 0.546 MeV beta particle absorption in GaAs (squares),
CdTe (circles), and Si (diamonds) detectors of varying thickness. Errors are plotted, but not
visible due to marker size.

In principle higher atomic number materials should absorb more radiation, however the sim-
ulation results can be explained by another factor related to the atomic number. As electrons
interact with a surface they are prone to a phenomenon known as backscattering [25]. Elec-
trons undergo erratic and sizeable deflections as they propagate through matter. Particles
incident on the surface of the detector may deflect through such large angles that they simply
rebound and leave the detector while only depositing a fraction of their energy. This phe-
nomenon is more pronounced in high atomic number materials and this offers an explanation
of the behaviour observed in Fig. B.1. A lower proportion of particles are backscattered by
silicon, but as the material is inefficient at absorbing radiation of this type, the benefit is only
seen at extreme volumes of material. CdTe is in theory the best absorber of radiation, but in
this experiment its full benefit cannot be extracted. It outperforms GaAs at low thickness, but
as a higher fraction of particles are backscattered, its absorption plateaus at a lower percent-

age of incident particles. To minimise the effects of backscattering and compare stopping
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power of each material, a particle beam was generated from the centre, rather than at the
surface of 800 pm thick detectors. In this simulation, GaAs fully absorbed 95.96 % +0.03%
of particles, CdTe 96.41 % +0.03% , and Si just 36.25 % +0.02%.

When °Sr decays via beta emission, it transmutes to *°Y which itself decays by beta emis-
sion at 2.278 MeV. As a result, °Y contributes to the gross beta activity of the groundwater
and therefore its presence must be quantified. Fig. 4.2 compares the ability of 100 mm?
devices of varying thickness to fully absorb 1 x 107 beta particles at 2.278 MeV. While 400
pm seemed to be the point of diminishing returns for GaAs with 0.546 MeV particles, for
2.278 MeV only 0.430% +0.002% are absorbed. CdTe, meanwhile, fully absorbs 1.480%
+0.004%. Silicon detectors are essentially ineffective for particles of this energy, absorbing
0.0008 % 40.0002%. *°Y quantification will require a detector thicker than 400 pm, with

CdTe offering superior beta particle absorption than GaAs.
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Figure 4.2: Fully absorbed 2.278 MeV beta particles in GaAs (squares), CdTe (circles) and
Si (diamonds). Errors are plotted, but not visible due to marker size.

Beta particles take an erratic path through matter, therefore the width of the detector will
influence its ability to absorb incident particles from a point source. To investigate the sig-
nificance of this parameter detectors were modelled with a thickness of 400 ym and varying

surface area from 10~* mm?2 to 100 mm?. The results of their interaction with 1 x 107 elec-
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Figure 4.3: Complete 0.546 MeV beta particle absorption in 400 pm thick detectors of vary-
ing surface area.

trons at 0.546 MeV can be seen in Fig. 4.3. While the surface area is below 1072 mm?
the detector fails to record the full energy of incident particles at all. In the range between
1072 mm? to 6.4 mm? the device becomes viable. Again, diminishing returns are seen when
the surface area is further increased as the complete absorption of particles levels off out at

approximately 58%.

4.3.2 Contaminated groundwater simulation

The simulations presented so far have examined point sources of radiation, however this
research concerns the assay of contaminated groundwater. This scenario is modelled by sim-
ulating a 5 cm diameter and 2.5 cm deep cylinder of groundwater, populated with 10 x 107
isotropic decaying %°Sr ions. This simulation examined “°Sr decay only. Four detectors of
400 pm thickness and varying surface area were investigated for their detection efficiency.
The detectors were positioned at the surface of the water and the spectra collected after the
run of particles is displayed in Fig. B.2. With a I mm? surface area, the detector only man-
aged to record 163 hits leading to an incomplete spectrum; the maximum energy observed

was 0.268 MeV. The 100 mm? detector counted a total of 13015 particles, with the counts
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dropping below 5 after 0.458 MeV. The total counts observed scaled linearly with surface
area. The vast majority of decay products did not reach the detector as they are either emitted
in the wrong direction, or absorbed before they reach the device. This simulation highlights
the importance of maximizing the number of particles striking the detector when counting

from a scattered source.
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Figure 4.4: %°Sr spectra observed in 400 um thick GaAs detectors with increasing surface
surface areas.

To examine the sensitivity to thickness, four 100 mm? GaAs detectors ranging from 0.4 mm
to 2 mm were compared. The detectors were positioned at the surface of the water and
the spectra they collected after the run of 108 %°Sr and °°Y ions had decayed is displayed
in Figure 4.5. In this scenario, the 0.4 mm thick detector counted 196,515 particles but
only counted 115 particles in the range from 1.725 MeV to 2.300 MeV, and therefore was
inefficient at capturing the full spectrum of radiation. The thickest device detected 215,032
particles and counted 1,873 particles in the range from 1.725 MeV to 2.300 MeV. A peak can
be seen at 0.302 MeV for the 0.4 mm thick device, likely a result of more energetic particles
only depositing a fraction of their energy in the material. This peak is not observed in thicker
detectors, but each spectrum features a peak approximately at 0.023 MeV as a result of

backscattering. At greater thicknesses the spectra are distinguished by their absorption of
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higher energy particles, from 1.150 to 2.3 MeV. As the thickness is increased from 0.75 mm
to 1 mm, a 20.58 % increase in counts is observed, but as the thickness is then doubled to

2.0 mm only an 8.37 % increase in counts is seen.
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Figure 4.5: 9°Sr and Y spectra observed in GaAs detectors with 100 mm? surface areas and
varying thickness. Energy is resolved into 5 keV bins. Errors are omitted for visual clarity.

The full decay of 10® %°Sr ions, was simulated for 100 mm? CdTe and GaAs detectors of 1
mm thickness to compare the spectra collected by each material. The spectra from these sim-
ulations are shown in Fig. 4.6. The GaAs detector counted 218,188 particles, and the CdTe
detector 217,965. In this scenario the detectors therefore share virtually identical detection
efficiency. The materials are distinguished by the shape of their spectra. A breakdown of
the counts recorded in each quarter of the energy spectrum is displayed in Table 4.1. The
CdTe detector features a higher and broader peak in the low energy range, centred at 0.013
MeV, fewer counts in the mid range, and greater counts in the high energy range. This can be
attributed to the greater backscattering effect in CdTe, as low to mid range particles are more
likely to backscatter while just depositing a fraction of their energy. Higher energy particles
are more likely to be absorbed in CdTe, however this effect is limited as fewer particles are

emitted in this range.
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Figure 4.6: %°Sr and *°Y spectra observed in GaAs (red and dashed) and CdTe (blue and
solid) detectors with 100 mm? surface areas and 1 mm thickness. Energy is resolved into 5
keV bins.

Table 4.1: Counts recorded in different energy ranges of the °Sr + °Y spectra observed in

Fig. 4.6.

Material 0-0.575 MeV  0.575- 1.150 MeV  1.150 - 1.725 MeV  1.725 - 2.300 MeV
GaAs 143,647 £379 55448 & 235 17,947 £ 134 1146 £ 34
CdTe 151,689 £389 49258 + 221 15,791 £ 126 1227 + 35

4.4 Conclusions

The optimal design of a photodiode detector for the in situ measurement of “°Sr has been
investigated by modelling sensors and their absorption of beta radiation in a groundwater

borehole scenario.

The complete absorption 0.546 MeV and 2.280 MeV beta particles in Si, GaAs and CdTe
photodiodes was simulated to determine the most efficient absorber. The atomic number
of a material both determines its ability to absorb ionising radiation and the propensity for
that radiation to backscatter. The result is that as the thickness of GaAs and CdTe sensors
increases, the complete absorption of 0.546 MeV beta particles plateaus. This occurs at ap-

proximately 300 ym and 400 um for CdTe and GaAs sensors respectively. As backscattering
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is not as prevalent in Si, it absorbed more radiation completely at 800 ym. Sensors 1 mm
thick made from CdTe, GaAs and Si absorbed 32.92 %, 23.66 % and 0.413 % of 2.28 MeV

particles completely. This eliminated Si as a candidate material in this application.

Detector geometry was optimised by modelling a cylinder of *°Sr contaminated groundwater.
The number of counts observed in the detector scaled linearly with surface area, and the
optimal sensor modelled featured a surface area of 100 mm?. It was found that the thickness
of the detector should exceed 400 pm for absorption of high energy particles (1.150 to 2.30
MeV) released during *°Y decay. However, doubling the thickness of the sensor from 1.0
mm to 2.0 mm only yielded an 8.37 % increase in counts for particles in this range. The
benefit of this must be weighed against the defects associated with higher volume detectors.
The thickness of compound semiconductors can be limited by defects which restrict the

movement of charge carriers, reducing charge collection efficiency [92, 11].

The merits of CdTe and GaAs detectors were compared by modelling 1 mm thick and 100
mm? surface area detectors. Spectra from 10® decaying “Sr ions and the resulting °Y
daughters were collected. Each material offered similar detection efficiency, but the shape
of the spectra collected varied slightly. While CdTe offered marginally better absorption in
the energy range from 1.725 - 2.3 MeV, the backscattering which resulted upon contact with
lower energy particles produced a larger peak at low energies compared to that observed
in the GaAs detector. The GaAs sensor counted 8,456 more particles above 0.575 MeV,
exclusively the result of °Y decay. Ultimately this may identify GaAs as the prime material

when counting from a mixed source.
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5. Detector construction

Reprinted from: G. Turkington, K. A. A. Gamage, J. Graham, Characterisation and suit-
ability of a CdTe detector for strontium 90 assay in groundwater, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Asso-

ciated Equipment 997 (2021) 165155. doi:10.1016/j.nima.2021.165155. [21]

5.1 Abstract

This chapter presents a design of an in-situ detector for monitoring strontium 90 activity in
groundwater at nuclear decommissioning sites. Current techniques for monitoring strontium
90 activity are lab-based and are time consuming, expensive and produce secondary waste.
To alleviate these problems, a proof-of-concept detector has been developed which will be
deployed in-situ, directly into groundwater boreholes. A compact detector was designed,
housed in a waterproof casing and its initial performance as a strontium 90 detector in water
was examined. A 10 x 10 x 1 mm cadmium telluride detector was paired with a appropriate
charge sensitive amplifiers and readout systems to make a 118 x 83 x 40 mm sensor which
was submersed in water. A 35.79 MBq collimated strontium 90 source was used to determine
that the sensor was capable of counting beta particles from a range of 55.86 £ 5.40 mm. The
detector was held at a reverse bias of 80 V for 290 minutes, the average counts observed in

5 minute intervals went from 1.32 x 10+ 1.14 x 102 to 1.28 x 10% 4+ 1.13 x 103. However,
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the results presented have established a viable proof-of-concept for an in-situ detector for

strontium 90 assay in groundwater.

5.2 Introduction

Strontium 90, %°Sr , is a by-product of nuclear fission and it is one of the prominent beta
emitters found in nuclear waste at decommissioning sites such as Sellafield. It has a half-life
of 28.8 years and decays via beta decay, releasing particles with energies up to 0.546 MeV. Its
daughter yttrium 90, °°Y , has a half-life of 64 hours and its decay releases beta particles with
an end-point energy of 2.278 MeV [98]. ?°Sr shares similar chemical properties with calcium
and can accumulate in calcium rich areas of the human body, such as bone structures, where
irradiation can induce leukaemia and other bone cancers [33]. Contamination of groundwater
at decommissioning sites is typically the result leaks from storage tanks, separation areas
and ponds associated with fuel and waste storage. Fig. 5.1 depicts the scenario in which
the detector will be deployed. °°Sr which enters the ground may disperse and enter the
groundwater table forming mobile plumes. At Sellafield Sr-90/Y-90 is the most common
strong beta emitter in contaminated groundwater and greatly exceeds the WHO drinking
water guidelines of 10 Bq/L [73] in many boreholes. While these waters are not exploited
for drinking water purposes there is a long-term requirement to monitor the distribution and

behaviour of this contamination on site.

Routine monitoring of “°Sr is an expensive and time consuming process which produces
secondary waste through collection of samples and laboratory analysis. Current techniques
a require manual sampling from underground boreholes. Tests often take months to produce
results, as groundwaters are stored for weeks to allow for *°Y ingrowth, and many of the

techniques require the use of hazardous solvents and acids [49].
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Figure 5.1: A depiction of the scenario in which the detector will be deployed. Waste from
decommissioning sites leaks into the groundwater where it is monitored via boreholes.

This research is investigating the feasibility of a cadmium telluride (CdTe) in-situ detector
for the assay of “°Sr in groundwater. CdTe is a compound semiconductor material which
has become popularised and it has many properties that make it a suitable material for the
detection of ionising radiation. CdTe has a high effective atomic number, 50, which makes it
an effective absorber of ionising radiationa and a wide bandgap, 1.44 eV, allowing for room
temperature operation. It has gained traction in the fields of medical physics and astrophysics
where it has been used to develop X-ray and gamma ray detectors [92]. However an increased
atomic number is also associated with a higher rate of backscattering at the detector surface

and this limits the number of particles completely absorbed within the detector.

As the detector must operate in a compact environment, it was important to use a detection
medium which is small, capable of stopping the radiation of interest and does not require
extensive cooling or other additional support systems. For these reasons, room temperature
semiconductors were considered an appropriate candidate. A typical semiconductor detector
consists of three layers. An anode, a cathode and an intrinsic layer of charge carriers. When
beta radiation passed through the intrinsic layer, it does so through a series of Coulombic

interactions which create electron-hole pairs. The number of charge carriers generated is
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proportional to the energy deposited by the radiation in the detector. As the detector operates
under a reverse bias voltage the electrons and holes are swept towards the anode and cathode
respectively. The resulting current pulse can be detected, and its magnitude is equivalent to

the energy lost by the radiation in the detector.

5.2.1 CdTe background information

Previous research has investigated the performance of detectors of varying dimensions and
material composition for the detection of *’Sr in groundwater [19]. CdTe and GaAs were
identified as suitable materials for the task with similar properties and potential perfor-

mance.

One of the drawbacks associated with CdTe is known as polarisation. This time-dependent
effect occurs after the biasing of the diode and results in the reduction in photopeak ampli-
tude, lessening couting rate and diminishing the energy resolution [99, 100]. Polarisation
can occur in CdTe as a result of radiation flux incident on the detector or after the detec-
tor has been biased for some time [96]. This is a result of disruptions in the uniformity of
electric field across the material stemming from alterations in charge trapping in deep level
states [101]. Detectors polarised by the biasing voltage can recover after the applied voltage
is removed for a short time [102]. The stability of CdTe detectors can otherwise be improved

by increasing the biasing voltage or operating at low temperatures [99].

The detector will be deployed in boreholes at decommissioning sites, where it will monitor
beta activity by being submersed directly into contaminated groundwater. Beta particles
have a limited range in matter due to their Coulombic interaction with nearby atoms. Their
path through matter is characterised by large deflections where significant fractions of their
energy can be lost. This can be accompanied by the radiative Bremsstrahlung process, where
low energy X-rays are emitted as the beta particle decelerates. Additionally, beta particles
are emitted over a continuous energy spectrum. These properties have presented difficulties

when designing beta detectors.
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98r is the predominant beta-emitter found at Sellafield and its activity tracks with total beta
activity. Beta emitters can be split into two groups, strong and weak, depending on their
emission energy. The weak category includes carbon-14, 14C (0.156 MeV), technetium-99m
9mTe (0.141 MeV), and tritium. It is expected that these emitters will be too weak penetrate
the protective layers of the detector in addition to traversing the groundwater [103]. The
other chief beta emitter is caesium-137, 37Cs, which decays via beta emission, up to 0.512
MeV, to barium-137m, *""Ba, which releases a 0.662 MeV gamma photon as it relaxes to its
ground state. 3"Cs is generally found in low concentrations at Sellafield [104] with only one
monitoring point exceeding the WHO safe water limit of 10 BqgL~!. By eliminating weak
betas from entering the detector and considering the scarcity of other strong beta emitters,
it may be the case that “°Sr will be the only significant beta emitter which the detector
is both sensitive and exposed to. Some research has suggested it may be possible to use
gross measurement of activity in ground water to identify individual radionuclides by linear
regression [105]. The time for completion for existing methods of groundwater monitoring
is typically 1-2 months. This detector is being designed to produce results on a much smaller
timescale, from 1 hour to 1 day, thereby providing information on a daily basis. This has the
benefit of allowing decommissioning sites to examine the data quickly to determine whether
beta activity is present or not, and rapidly respond to unexpected spikes in groundwater
activity resulting from new leaks. This could be used to compliment existing techniques and
allow for a selective approach with existing techniques such as liquid scintillation counting

for closer examination of °Sr activity.

However, successful application of these technologies to in-situ monitoring will result in a
significant reduction in secondary waste, long term costs and will also provide results allow-
ing more detailed understanding of the response of °Sr to hydro-geological and geochemical

perturbations to be assessed.
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5.3 Materials and methods

Groundwater boreholes are up to 50 mm in diameter, and filled with water. Therefore a robust
and compact detector must be designed to operate in this environment. The average annual
groundwater temperature at Sellafield in 1997 was 10.67 °C [106]. This may be significant
as some research has found that cooling to the region of 0-10 °C may have a significant affect

on the stability of the detector and its performance over time [99].

5.3.1 CdTe diode

After considering the availability of semiconductor sensors on the market, and the feasibility
of semiconductor fabrication, a 10 x 10 x 1 mm CdTe semiconductor detector was selected-
(supplied by AcroRad, Japan). The CdTe detector is constructed in an Ohmic configuration
with 20 nm thick platinum anodes and cathodes sandwiching a 1 mm thick CdTe crystal.
This structure was mounted to an alumina substrate with gold wire bonds connecting to
conductive pins which protruded from the bottom of the mount. An additional pin was used

to ground the mount, which aided in reducing the noise present in the detector.
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Figure 5.2: The constituent components of the detector as arranged in the case before it is
sealed and submerged in water.
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5.3.2 Electronics

The complete detector system is comprised of a few essential components. The current pulse
produced by the CdTe semiconductor is amplified and shaped so that is more easily read by
the counting system. This is achieved with a charge sensitive pre-amplifier (CSA), which
acquires the signal from the detector while boosting the signal-to-noise ratio (SNR). The
CSA sums the charge created within the detector on a feedback capacitor which releases an
amplified current pulse, of amplitude V,, from charge generated, Qg, and capacitance Cy.
This signal pulse is then shaped by a shaping amplifier, to produce a signal of Gaussian
profile which is read by an analogue to digital converter (ADC) for signal processing. The
CdTe sensor was paired with the a-CSA supplied by Micod with a capacitance, Cy of 1 pF
and resistance, Rz, of 100 Mw. This produced current pulses with a sensitivity of 36 mV

per MeV when paired with the CdTe diode. The amplifier was supplied with 5 V from a DC

power supply.
( N
Low density A B
polyethelyne
CdTe diode
1
+5V Power (Charge se_nsitivg +80V Power Clamp
supply amplifier supply
+ - \ N J 4 __=
Cee——— T 1
Shaping
amplifier
ﬁ&) CdTe
\ A=

(( FrGA ) Laptop Detectorl
MCA m Case

\_ J

Figure 5.3: A) Depicts a schematic of the components in the detector and their function. B)
displays the deployment of the detector underwater in the experimental setup

A CAEN (Italy) A7585D modular supply was mounted adjacent to the CSA. The CSA was
connected to the high voltage output of the power supply and this was used to bias the
attached semiconductor sensor. The CAEN power supply was programmed to supply a con-

sistent 80 V bias to the CdTe diode. This bias was selected in accordance with manufacturer
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guidelines for an Ohmic diode and helps to meet the performance and power requirements
necessary for a small detector [107]. These components complete the sensitive part of the
detector and the CdTe diode, amplifier and a CAEN power supply were housed in a 118 x
83 x 40 mm plastic box. Currently, this is larger than the required dimensions to fit into a
borehole, however it would only take minor modifications to rearrange the components in a
configuration which fits. A window was cut from the box above the CdTe sensor to reduce
the attenuation of beta particles. The distance from the sensor to the window was 0.7 mm

and this gap was filled with air. The complete detector system is illustrated in Fig. 5.6.

5.3.3 Attenuation due to waterproofing

To make the detector submersible in water, it was wrapped in two layers of low density
polyethylene. This material was selected to ensure a water tight seal around the detector
while keeping the attenuation of beta particles to a minimum by using a thin (0.027 mm) and
low-density (0.91 g/cm?®) material [108]. The waterproof detector was attached to the bottom
of a plastic container, which was filled with room temperature tap water. The water, plastic
box, and metal clamp were all grounded. The output from the detector was recorded directly

with the MCA connected to a laptop.

5.3.4 Data acquisition

A field programmable gate array (FPGA) is a type of microcontroller which consists of a
series of logic gates that can be reprogrammed ad hoc. FPGAs are used to compile programs
from a series of logic blocks, and as they are reprogrammable allow for quick iteration in
program development and prototyping. Essentially this allows for large scale physical cir-
cuits to be modelled digitally on a small scale device. This flexibility means that FPGAs
have become common place as a tool for instrument design. FPGAs typically have low
power consumption and can be manufactured in small scale form factors. These qualities

make FPGAs ideal for use in compact detectors.
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FPGAs consist of reprogrammable logic blocks, and input/output (I/O) blocks which are
reprogrammable. This hardware is interfaced with by software, or specifically a hardware
description language (HDL). The two dominant HDLs are VHDL and Verilog, and these
are packaged by the major manufacturers of FPGA chips, Intel and Xilinx, into user friendly
graphical user interfaces (GUI). The HDLs are used to define the role of various logic blocks,
which include addition, multiplication and accumulation, within the FPGA. Newer FPGA
devices have incorporated memory storage, and use histograms to compile data. In this case,
the FPGA was programmed off the shelf to function as a digital pulse processor to create a
lightweight solution for a portable multichannel analyser. This was done with the software

RayPanel, based on VHDL, which programs the device to function as a spectroscope.

Traditionally, pulse processing is done with analog components, for example an oscilloscope.
FPGA technology allows this to be done digitally, eliminating the need for bulky analog
electronics, reducing the sensitivity to thermal noise, and allows for the detection algorithm
to easily be tuned to fit the purpose. In this case, digital processing consists of an initial
analog conditioning stage for the signal acquired from the detector, the conditioned signal is
then digitised by a fast ADC and a FPGA where the pulse is further processed and sorted into
a histogram in accordance with its amplitude. The ADC samples at 100 MHz and the digital
processing consists employs a trapezoidal filter [109] to categorise and bin pulses according

to their height.

This programming used in this project based on open source code for a digital spectroscope,
and is developed with the ISE WebPack (Xilinx Inc).ce with its amplitude. The ADC samples
at 100 MHz and the digital processing consists employs a trapezoidal filter [109] to categorise
and bin pulses according to their height. A peaking time of 5 s and flat top time of 0.4 us
were found to perform the best for the CdTe detector. This was done in conjunction with

software on a laptop, connected to the MCA via USB cable.
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5.3.5 Source and background Count

A sealed and collimated *°Sr source was used for these experiments. The aperture diameter
on the collimator was 1 mm, barrel length 3.5 mm and the activity of the source at time
of use was 35.79 MBq. When the source was submerged in water, it was wrapped in a
thin nitrile layer to prevent water from entering the collimator and absorbing the radiation.
There is uncertainty over the activity of the source before and after collimation. Therefore
the experiment was designed in such a manner that the absolute activity of the source is not
strictly relevant. Results in terms counts are framed in a relative sense. The question being
asked is about the range over which the detector can be expected to identify *°Sr decay above

the background noise in the detector.

Experiments were carried out in the Nuclear Physics department at the University of Glas-
gow. A metal clamp was affixed to the plastic container and this was used to hold the colli-
mated source above the detector, with the beam in alignment with the semiconductor sensor.
This clamp allowed for the source to be positioned at different positions and distances from
the sensor. While the detector was in use, it was covered with a light-proof sheet to pre-
vent any interference of optical photons while the lighting in the lab was turned on. Several
background count were taken, each of a duration of 5 minutes, equivalent to the counting
time in many experiments. The average background count recorded in the detector was 48
4 7 counts, equivalent to 0.16 counts per second. The background counts appeared to be

randomly distributed, with all but two confined to the first 232 channels on the MCA.

5.3.6 Deployment in water

The detector was deployed into a a water filled container, to mimic the real world use-case
for this device. This allowed the likely operating range of the detector through water to be
characterised. The detector was fixed to the bottom of a 10 litre plastic contained which was
with room temperature tap water. This simulated the deployment of the detector in ground-

water and the “’Sr source was positioned directly above the window to the semiconductor
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sensor. Initially, the source was in contact with the dual layers of low-density polyethylene
(LDPE) across the window. The counts in the detector were recorded for five minutes. The
source was then moved vertically to increasing distances from the window, allowing for a

larger volume of water to fill the space between the sensor to the collimator.

The performance of the detector over a longer duration of time was investigated. As men-
tioned previously, CdTe detectors can suffer from a degradation in performance after being
biased or exposed to radiation for a period of time [99]. To investigate this, the detector was
biased to 80 V and this remained consistent for the duration of 290 minutes. The *°Sr was
clamped in a single position above the detector level with the LDPE window. This meant
the particles were transmitted through two layers of LDPE and a 0.7 cm air gap. The counts
observed in the detector were recorded for five minutes at various intervals over the course
of 290 minutes. The detector was covered with light-proof sheeting for the duration of the

experiment while the ambient temperature of the room was held at a constant 20 °C.

5.4 Results

5.4.1 Attenuation due to waterproofing

The °Sr source was clamped at a distance of 12 mm from the surface of the plastic container
and hits were recorded for 5 minutes. Compared with the uncovered detector, there was
9.36% decrease in counts, from 1.27 x 105 4+ 1.13 x 10% to 1.16 x 10 4 1.07 x 103. This
is accounted for by particles scattering and being absorbed by the plastic layers between
the collimator and detector. This decrease in counts is sufficiently low given the statistics
involved in this experiment, however this may limit the effectiveness of the device when it
comes to counting low activity sources. However, improvement could be achieved by re-

moving one layer of LDPE, or trialling different lightweight and waterproof materials.
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Figure 5.4: Counts observed in the detector after measurements at increasing distances in
water. A linear least squares regression has been applied to 3 points of the graph to allow an
estimate for the range over which the detector is effective, 55.86 + 5.40 mm.

5.4.2 Detector performance and uncertainty

The counts in the detector were recorded over five minute intervals and plotted in Fig. 5.4.
The counting time was selected to ensure a sufficient number of counts were collected to
reduce statistical uncertainty. When the source was positioned directly at the window, 5.2
x 10° counts were observed in the detector and this drops off to 767 + 28 counts at 40.0
mm. This provides a count which is significantly greater than the background rate for the
detector. By performing a linear fit to the last 6 data points on the plot, it is estimated that the
range for this detector in groundwater is approximately 55.86 £ 5.40 mm before the minimal
detectable limit is reached. In this case, the minimal detectable limit, Np, is defined as the
minimum number of counts required to state with a 95% confidence level that radioactive
decay has been detected above the presence of background noise, Ng, in the detector [25].
This is calculated with the following equation, the Currie Equation, which is derived from the

Gaussian distributions which describe the statistical fluctuations in detector counting:
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Np = 4.6530y, + 2.706 S.D

This demonstrates that it is still reasonable to detect beta particles at range and this will be
important in real world scenarios. The larger the volume of water the detector is sensitive to,
the greater counting statistics it can generate. However, it should be noted that this exper-
iment does not closely replicate the real world deployment of the detector. The collimated
beam is considerably different to the colloid of radionuclides expected to be found in ground-
water. However, the results produced here can be used to inform future experiments. This
information will be useful when designing future experiments with contaminated groundwa-
ter, providing a guide for the necessary volumes of water required and provides information

for determining the sensitivity and efficiency of the detector.

5.4.3 Detector performance over time

The results are plotted in Fig. 5.5. The mean number of counts recorded was 1.29 x 105 4
1.13 x 10%. The maximum number of counts, was the first measurement taken while the
lowest 1.28 x 10°+1.13 x 10? was taken after 290 minutes. This represents a 3.26% decrease
in counts. It is clear from Fig. 5.5 that the counts decline at a rate of 0.026 % per minute
during the first 120 minutes, and the counts observed in the remaining 180 minutes were
more steady only declining at a rate of 3.9 x 10~* % per minute. The average counts over the

first 120 minutes was 1.30 x 10° compared with 1.28 x10° over the last 180 minutes.

The experiment was repeated but this time the reverse bias voltage applied to the detector
was turned off between measurements. The results are plotted in Fig. 5.5, as a fraction
of the maximum count recorded. The initial count sees the greatest number of hits in the
detector, and this falls to 97.19 % after 290 minutes. The mean number of counts observed

in the detector as a fraction of the maximum count was 98.16 %, which was greater than the
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average of 97.52 % when the bias was applied between counts. A similar trend is seen here

when both experiments are compared.
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Figure 5.5: °°Sr Counts recorded over 5 minute counting intervals during a 290 minute
period, with the bias on and off between measurements.

Both experiments see a period rapid of decline, followed by relative stability. When the
detector was unbiased between measurements, the number of counts reduced by approxi-
mately 0.021 % per minute but this declined to a loss of 0.0023 % per minute over the final
150 minutes of the experiment. This can be contrasted with when the bias was left on, there
was a loss of 0.031 % counts per minute initially, followed by a loss of 8.30x10~* % per

minute.

Removing the bias from the detector between counts produced results with a higher average
count as a proportion of the initial count. The instability in detector performance may be due
to a number of factors including deviations in operating bias and variations in temperature
[99] and some researchers have investigated radiation damage as a potential factor [110]. The
detector is housed next to the 80 V power supply which generates heat as it operates and has
an internal temperature monitor. While the detector is not submerged in water and operating

in a 20 °C room, the temperature in the detector case averages at 31.01 °C. The power supply
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used to bias the detector was used to monitor the internal temperature of the detector cavity
over a 120 minute period while submerged in water. It was found that the temperature within
the case rose from 24.49 °C to 26.62 °C . while the detector was submerged under water
with a temperature of 14.8 °C . This heat produced creates an unstable environment for the
detector [111], and may lead to variable detector performance until the temperature reaches
equilibrium and detector performance stabilises. This instability in detector temperature may
be interfering with counting performance over long periods of time. Turning the bias voltage
off between measurements may have alleviated the build-up of heat within the detector case
and allowed for a cooler and more stable environment for the detector. As noted [99], cooling
the detector down to temperatures around 10 °C may produce beneficial effects when it
comes to the consistency of detector performance over a long term operational period. As
the groundwater at Sellafield has an average temperature of 10.67 °C , this may provide a
suitable basis for some ambient cooling. Fluctuations in groundwater temperature should be

accounted for in future development of the detector.

5.5 Conclusions

The detector presented has demonstrated its ability to detect the presence of a °Sr source.
The results presented have demonstrated an operating range of over 40.0 mm in water from
a 35.79 MBq ?°Sr source as the beta particles propagate through water. By performing a
linear fit to the data points in Fig. 5.4, it is estimated that the range of beta particle for this
detector in groundwater is approximately 55.86 + 5.40 mm before the minimal detectable
limit is reached. In the real world application, the source of beta particles will not be from a
collimated beam, but randomly dispersed throughout the groundwater. Currently, this is dif-
ficult to replicate in a lab, but previous research [18] has indicated that this should be capable
of detecting radiation within the interval of activities expected at nuclear decommissioning

sites. As the detector is being designed to be deployed in-situ and provide measurements of
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the groundwater activity, it is required to have stable performance over near real time. The
detector was held at a reverse bias of 80 V for 290 minutes, the average counts observed in 5
minute intervals went from 1.32 x 10% £1.14 x 103 to 1.28 x 104 1.13 x 103. This discrep-
ancy may become important when detecting activities closer to the lowest detectable limit.
It is anticipated that this is due to temperature changes as the detector operates and produces
heat. The deployment of CdTe sensors into groundwater boreholes must account for varia-
tions in environmental conditions and, given the sensitivity of the detector to temperature,

must accommodate for fluctuations in groundwater temperature.

5.6 Chapter 5b: water temperature variation

Turkington, G., Gamage, K. and Graham, J. (2019) A Proof-of-concept CdTe Detector for
In-situ Measurement of Strontium-90 in Groundwater. 2019 IEEE Nuclear Science Sympo-
sium and Medical Imaging Conference (NSS/MIC 2019), Manchester, UK, 26 Oct - 02 Nov
2019.

5.7 Introduction

Strontium-90 is monitored routinely at nuclear decommissioning sites and it is commonly
found to be the primary beta emitting radionuclide. Groundwater becomes contaminated
after spills of nuclear waste and radionuclides such as “Sr leak into the environment[18].
Boreholes are installed in the groundwater table at decommissioning sites and water samples
activity is measured by liquid scintillation. However, these procedures produce chemical
waste, increase the exposure of workers, are time consuming and expensive. A CdTe detector

has been developed which can be deployed in groundwater boreholes where beta decay is
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measured directly. It is anticipated that the temperature of groundwater at Sellafield will
have an average temperature of 10.1 °C and this is subject to some fluctuation. It has been
demonstrated that CdTe performance has some sensitivity in relation to temperature and if
operated in a temperature from 0-10 °C [112] detector stability may be achieved without the
need for additional cooling. This may allow for greater flexibility in detector design when it

is important to keep detector dimensions to a minimum.

5.8 Method

The complete detector was compiled with a few small and lightweight components. A 10
x 10 x 1 mm cadmium telluride detector was paired with a appropriate charge sensitive
amplifiers and readout systems and placed in a 118 x 83 x 40 mm plastic container which
was wrapped in two layers of low density polyethylene. The CdTe sensor was paired with
the a-CSA supplied by Micod with a capacitance, C; of 1 pF and resistance, Rp, of 100
M Ohms. The amplifier was supplied with 5 V from a DC power supply. A CAEN (Italy)
A7585D modular supply was mounted adjacent to the CSA. The CSA was connected to the
high voltage output of the power supply and this was used to bias the attached semiconductor
sensor. The CAEN power supply was programmed to supply a consistent 80 V bias to the
CdTe diode. A window was cut from the box above the CdTe sensor to reduce the attenuation
of beta particles. The distance from the sensor to the window was 0.7 mm and this gap was

filled with air. The complete detector system is photographed in Fig. 5.6.

A 12 L plastic container was filled with tap water and the detector was fixed to the bottom
of the container to prevent movement. The container was filled with tap water and left in a
20 °C laboratory for 30 minutes. The temperature of the water was recorded every 5 minutes
with a thermometer. A collimated strontium-90 source was clamped at a fixed position 0.7

cm above the detector, also submersed under water. The number of counts in the detector
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Figure 5.6: The complete detector set-up. The detector was placed under water in a 12 L
container while a strontium-90 source was clamped above.

was collected in 5 minute intervals over a period of 120 minutes. The water was then cooled
using ice. The counting procedure was replicated at the lower temperature. Meanwhile, the
internal temperature of the sensor was monitored using the CAEN (Italy) A7585D power
supply. Additionally, a mixture of synthetic groundwater was made with reference to [113].
The detector was placed in this mixture and a count from the source was taken and compared

with tap water.

5.9 Results

The detector was tested in two scenarios, one where the temperature of the water had an
average value of 14.3 °C and in another scenario where the temperature was 4.1 °C on av-

erage. Figure 5.7 plots the internal temperature of the detector over time in each scenario.
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Figure 5.7: Internal temperature of the detector over time.

In the warmer water condition, the internal temperature of the detector was less stable, and
was raised by 2.1 °C over the duration of the 120 minute period. Heat is generated inside the
detector by the electronic components with the primary source of heat being the 80 V power

supply used to bias the CdTe sensor.
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Figure 5.8: The averaged counts relative to the maximum count recorded in 5 minute count-
ing periods while the detector was submerged in 4.1 °C water and 14.3 °C.
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The experiments were repeated 3 times, over the course of many days. The activity of the
strontium-90 source was 3.5 MBq, however the source was collimated with an aluminium
barrel. To account for this, the results described here have been normalised and plotted as
a fraction of the largest count recorded for each run. Figure 5.8 plots the averaged relative
counts observed for each temperature condition. From this data it is observed that when
the detector is placed in 4.1 °C water the counts observed are vary to a smaller degree the
duration of the experiment. In both scenarios the most counts are observed at the end of
the time period, and this may be due to the polarisation of the CdTe sensor over time [96].
However the detector in the 4.1 °C scenario deviates from this peak value by 4.0 % compared
to a variation of 7.5 % in the 14.3 °C water scenario. The detector appears more stable in the

4.1 °C scenario.

The counts incident on the detector were recorded in both tap water and synthetic ground
water scenarios. In each scenario the temperature of the water was maintained at 14.4 °C.
The average number of counts in the tap water scenario was 7.127 x 10% & 844 and in the
synthetic groundwater scenario was 7.129 x 10° & 844 showing no significant difference in

results.

5.10 Conclusion

This paper has presented a novel detector for in-situ strontium-90 detection with a CdTe sen-
sor. The deployment of CdTe sensors into groundwater boreholes must account for variations
in environmental conditions and, given the sensitivity of the detector to temperature, a key
factor will be the temperature of the groundwater. The stability of a CdTe detector in likely
groundwater temperatures has been investigated and it has been demonstrated that the detec-
tor’s performance was most stable at a water temperature of 4.1 °C. It is not expected that

the salinity of the water will be a major contributing factor to detector performance.
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6. Detector response to radionuclides

Reprinted from G. Turkington, K. A. A. Gamage, J. Graham, The Simulated Characterization
and Suitability of Semiconductor Detectors for Strontium 90 Assay in Groundwater, Sensors

21 (3) (2021) 984. doi:10.3390/521030984. [20]

6.1 Abstract

This paper examines the potential deployment of a cadmium telluride strontium-90 detec-
tor in groundwater boreholes at nuclear decommissioning sites. This is represents a novel
approach to monitoring strontium-90 contamination at decommissioning sites such as Sell-
afield, and has the potential to reduce lifetime monitoring costs while providing information
on a significantly reduced timescale. A Geant4 simulation was used to model the deploy-
ment of the detector in a contaminated groundwater borehole. It was found that the detector
was sensitive to strontium-90, yttrium-90, caesium-137 and potassium-40 decay, some of the
significant beta emitters found at Sellafield. However, the device showed no sensitivity to
carbon-14 decay, due to the inability of the weak beta emission to penetrate both the ground-
water and the detector shielding. The limit of detection for such a sensor when looking at
solely strontium-90 decay would be 323 BqL ™ after a 1 hour measurement and 66 BqL ™"
after a 24 hour measurement deployed in a groundwater borehole. Existing techniques are
capable of examining strontium-90 decay below the World Health Organisations safe drink-

ing water limit of 10 BqL™!. A GaAs sensor with twice the surface area, but 0.3 % of the
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thickness was modelled for comparison. Using this sensor, sensitivity was increased, such
that the limit of detection for strontium-90 was 91 BqL ! after 1 hour and 18 BqL ! after 24
hours. However, this sensor sacrifices the potential to identify the present radionuclides by

their end-point energy.

6.2 Introduction

At decommissioning sites, leaks and spills of nuclear waste leads to the introduction of
radionuclides into the groundwater table. The concentrations of radionuclides in the ground-
water can vary depending on the type of radionuclide, its source, and its permeability in
different soils and structures. The concentrations of radionuclides across the site are moni-
tored by samplying groundwater from boreholes and this data typically ignores variations in
water depth [104]. The majority of beta emitters found at Sellafield are found in the separa-
tion area, where plutonium and uranium were separated from spent fuel. In 2016, the highest
annual average total beta found in a borehole was 105,553 BqL !, with a maximum result of
124,000 BqL~!. These wells are particularly active due to their location net to legacy waste

storage, a location in which there were considerable leaks in the 1970s [104].

In general beta emitters are split into two categories, strong and weak, depending on their
decay energy. In the strong category, “°Sr is the single largest contributor to total beta activity
and its activity maps with the total beta activity on the site. °Sr is a fission product and
decays via the emission of a beta particle up to 0.546 MeV to ?°Y which itself decays by
beta emission up to 2.28 MeV. The other strong beta emitter of interest is caesium-137,
137Cs, a fission product which decays by beta emission to the metastable isomer barium-137,
which returns to its ground state via the emission of a 0.661 MeV photon. At Sellafield,
137Cs is typically found in very low concentrations with only one sampled borehole’s annual

average exceeding the WHO drinking water guideline of 10 BqL ™. Some beta emitters emit
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at much lower energies and are therefore more difficult to detect. This category includes
tritium, carbon-14 (**C), and naturally occurring potassium-40 (“°K). 4C can be produced
in nuclear reactors and is found in boreholes in the Sellafield separation area, with the highest
annual average concentration being 43,825 BqL ! however only 10 wells exceeded the WHO
drinking water limit [104]. *C has a maximum decay energy of just 0.156 MeV.

Table 6.1: Activities of the prominent beta emitters found at Sellafield in 2016
Radionuclide Average activity BQL~! Maximum activity BqL=! 'WHO Drinking water limit BqL.~*

90Sr - 59,000 10

137Cg 6160 30 n/a
e 1287 24,246 16,260

0K 632 11,663 n/a
Tritium 136 2,438 1,620

This research investigates the potential real-world performance of a cadmium telluride, CdTe,
detector which is deployed directly into a groundwater borehole. Current methods for mon-
itoring ®°Sr contamination require manual sampling of water from boreholes and analysis in
laboratories with techniques such as ionic separation and liquid scintillation counting [49].
This can take months to produce results, is time consuming and produces secondary waste.
The proposed detector will directly measure *°Sr contamination in the groundwater after its
insertion into groundwater boreholes, thereby providing results in a more timely and cost ef-
fective manner. The detector in this research has been designed to be sensitive to *°Sr decay
[114] and utilises a 10 x 10 x 1 mm CdTe sensor supplied by Acrorad (Japan). This detector
has an Ohmic configuration and operates with a bias voltage of 80 V. CdTe is a semicon-
ductor cmpound with established use as an X-ray detector and can be used in solar panels
[92, 29]. The atomic number of CdTe is 50 and it has a bandgap of 1.44 eV. This means that
it is effective at absorbing ionising radiation and has potential to work at room temperature

[29].

Beta particles have a short range in matter due to the Coulombic interactions which occur as
they are scattered by nearby atoms. This, and the continuous nature of beta emission, has

presented difficulties when it comes to designing beta detectors. This research is concerned
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with how these difficulties will affect the data it is possible to collect with an in-situ detector

deployed directly into groundwater.

6.3 The detection of typical beta emitters found at nuclear decommission-

ing sites

This detector is being designed to specifically look for *°Sr contamination in groundwa-
ter, however it is unlikely to be found in isolation. Realistically other radionuclides will be
present, and this may include 37Cs, *°Y , C, 4°K and tritium. As outlined above, these
radionuclides emit radiation at very different energies and may be distributed differently
throughout the environment due to their sorption properties [115]. Therefore, it is impor-
tant to consider the sensitivity of the detector to the radionuclides likely to be found in the
groundwater at decommissioning sites. As it is difficult to identify the origin of a beta par-
ticle, it is important to know which radionuclides are contributing to the total counts seen in

the detector.
6.3.1 Simulation layout

Geant4 is a Monte Carlo simulation code developed to examine the interaction between
radiation and matter [97]. Written in C++, Geant4 code has been used to simulate radiation-
matter interactions in high-energy particle physics, medical and nuclear applications. The
software tracks radiation, step by step, as it travels through matter. At each step, the prob-
ability which step next occurs is determined by probability distributions, known as cross-
sections. At the beginning of a step a number is randomly generated and this is used to
determine whether the particle interacts with matter, and in what way, or otherwise proceeds
along its path. When particles interact with the sensitive layer of the detector, the infor-

mation about that interaction is stored and can be used for analysis. The phyics used in the
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simulation are described by “physics lists” which are predefined mathematical models which
are used to calculate the outcome of interactions. This simulation used the FTFP BERT list
which allows electron interactions up to 100 TeV, uses a maximum step length of 0.65 mm,

an energy threshold of 900 keV, and a low energy limit of 1 eV.

Borehole
Material

Detector

“ Case

=
s

Figure 6.1: The simulation scenario illustrated. The detector is deployed to the surface of
contaminated groundwater. Decaying radionuclides are randomly distributed throughout the
water

The real world use-case of the detector was modelled with a Geant4 simulation, Fig. 6.1.
A section of a groundwater borehole has been coded to model the surrounding soil, plastic
piping, groundwater and the detector’s casing and sensor. A cylinder with a 5 cm diameter
and 5 cm height was modelled and populated sufficient radionuclide to match likely val-
ues found at Sellafield. In this experiment, a 1 hour counting time was simulated for each
concentration of radionuclide. The decaying atoms are randomly populated throughout the
groundwater. In this simulation the detector consists of a 10 x 10 x 1 mm CdTe detector with
20 nm thick platinum Ohmic contacts on either side. The detector is sealed by two layers

of low density polyethelyne (LDPE), a thin and waterproof plastic which protects the sensor
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and electronics from the groundwater but also attenuates incoming beta particles. There is a
1 mm gap between the sensor and the LDPE which is filled with air. In the simulation indi-
vidual radionuclides are randomly distributed through the groundwater and decay, emitting
the radiation in a random direction. The sensor is placed at the surface of the water where it
counts beta particles which strike its surface and records the energy they deposit as they are

either fully absorbed or scatter before this can happen.
6.3.2 Sensitivity to radionuclides

Some of the pure beta emitting radionuclides found at Sellafield are *°Sr , *°Y , C, and
naturally occurring “°K. It’s important to establish the detector’s sensitivity to these radionu-
clides to establish whether they contribute to the detector’s response function. This will give
insight into the viability of this detector in the real world, and give insight into the difficulty
of examining ?°Sr decay in the presence of other radionuclides. In this section, the detector
has been exposed to each of these radionuclides in a scenario which represents an exposure
time of 1 hour. The number of counts in the detector for different radionuclides at different
activities is displayed in Table 6.2.

Table 6.2: The number of counts observed in the detector for different radionuclides and

activities after a 1 hour counting period.
Activity B L™!  %YSr Counts Y Counts “°K Counts *C Counts '37Cs

100,000 12,752 242,593 162,060 0 78013
10,000 1287 24,246 16,260 0 7842
1,000 136 2,438 1,620 0 792
100 10 246 172 0 73
10 1 6 18 0 10
1 0 1 0 0 1

The detector is unable to detect any 14C counts, even at high concentrations of 100,000
BgL~!. This indicates that maximum decay energy of the radionuclide is an important factor
in how sensitive the detector is to the radionuclide. Betas emitted by **C are of such low
energy, on average 0.049 MeV, that they are absorbed in the groundwater or detector casing

before they are able to reach the sensor. This is notable because “C can be found in high
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concentrations at Sellafield, up to 10,000s of BqL~!. If the detector is blind to this activity
it will have some significant implications. It means that a total beta count of high and low
energy emitters is not be possible. However, this could be advantageous as weak betas are
automatically filtered out of the detector response function, meaning it is only sensitive to the
higher energy emitters which are of primary interest. The data shows that there is sensitivity
to °Sr , 0¥ and K in this scenario. It can be observed that the higher the energy of the
decay, the more sensitive the detector is to the radionuclide. However, *°K is only found
in almost negligible quantities at Sellafield, with a maximum result of 1.0 BqL™" in 2016
[104]. It is not certain whether “°Sr and *°Y would exist in secular equilibrium as data is not
collected to monitor °Y concentrations in groundwater. This could be a significant factor in
detector performance as °Y decay overlaps with ?°Sr decay in energy. If these radionuclides
are found in secular equilibrium and their activity is 100,000 BqL™!, the number of %Y
counts observed is 20.28 times that of “°Sr . This is due to the higher average emission
energy of 2°Y , and its likelier transmission through water. 37Cs is typically found at low
activities in the separation area of Sellafield, in the region of 10 - 40 BqL_l, and as such is
likely going to be undetected and only add to the noise in the detector. The characteristic
peak from the 32 keV decay is visible in the collected spectrum, enabling the identification
of the radionuclide when it is present in sufficient activities. In conclusion, it is expected that
when the detector is deployed into groundwater it will not be sensitive to weak beta emitters

such as 1*C, but has sensitivity to strong betas like °Sr, °°Y , 4°K and '*"Cs.

6.4 Low detectable limit and error propagation

The limit of detection of a detector describes the fewest number of counts which can be de-
tected reliably by the system. This property is particularly relevant in the case of monitoring
radionuclide activity at decommissioning sites, as it describes the lowest activity which can

be detected. There are two aspects to consider when defining the detection limits of a detec-

92



tor, whether the sample is radioactive or not, and whether we can quantitatively measure its
activity. This section shall consider the limit of detection for the sensor, and the the length

measurement required to achieve it.

In a simple case where a decision must be made whether a borehole contains radioactivity,
the number of counts from the sampled water, Ny, and the number of counts from the back-
ground, N, are subtracted to produce a result, Ng, which can be compared with a critical
level, Lo. This is used to determine the likelihood of measured counts representing true
activity and not fluctuations in statistical noise. The minimum detectable activity, «, is cal-
culated with the following equation where N, is defined as the minimum number of counts
needed to ensure that the detector does not produce a false-negative rate that exceeds 5%

[25].

_ 4.6530y,, + 2.706

FeT 6.1

o
Where f is the radiation yield per disintegration, e is the absolute detection efficiency and
T is the time taken to count the sample. When this formula is applied to *°Sr and °Y ,
the expected low detectable limits are 569 BqL~! and 35 BqL ™" respectively. The safe
drinking water limit for ®°Sris 10 BqL~!. This suggests that, in its current state, the detector
would be unsuited for monitoring radiation close to or at the safe limits. Performance would
improve by eliminating some of the background noise, which can be achieved by refining the
electronic design and accounting for temperature control systems in the detector. A reduction
in background noise of 50 % would reduce the lower detectable limit by 29 %, to 406 BqL~*
leaving it still significantly short of the safe drinking water limit. Alternatively, the counting
time for the detector could be increased. The results of this are documented in Table 6.3. By
increasing the measurement time to 24 hours the LOD would be significantly reduced, to 66

BqL !, while still obtaining results on a daily basis. The background noise in the detector
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would have to be significantly reduced, by up to 98 % for the detector performance to reach

the safe water drinking limit.

Table 6.3: The limit of measurement for ?°Sr in the CdTe detector for increasing lengths of
measurement.
Length of Measurement  Limit of Detection (BqL™!)

10 minutes 799
1 hour 323
24 hours 66
48 hours 46
168 hours 25

These results suggest that the detector is unlikely to compete with traditional methods for
monitoring *°Sr contamination in terms of precision. If truly instant results are required,
the detector could be applied to monitor activity levels in highly concentrated areas above
800 Bq~!. By increasing the counting time to 48 hours, or more, the detector can assess
lower activity levels which approach the safe drinking water limits. This would still produce
results in quicker fashion than traditional techniques and would allow for faster scanning of
large areas to identify possible spikes in activities or new leaks. Operating over such a time
period may present additional challenges such as detector stability over time [116], changes

in temperature and power requirements.

The spectra of “°Sr at different concentrations is plotted in Fig. 6.2 with a normalised spec-
trum of emitted “°Sr decay. The maximum energy is shifted from 0.514 MeV to 0.403 MeV,
a shift of 21.6 % at 100,000 BqL~*. This shift increases to 25.5 % and 41.0 % for 10,000
BqL~! and 1,000 BqL ! respectively. This is due to particles depositing some of their energy
in the water and the casing of the detector. A similar shift in *°Y spectra is seen although
to a less significant extent. In that case, the maximum energy shifts by 7 % from the maxi-
mum at 100,000 BqL™ to 22.8 % at 1,000 BqL~'. The response function of the detector to
different activity levels is distributed differently. This is explained by the lower attenuation
of high energy particles. This effect, along with scattering on the detector surface distorts

the spectrum and skews it towards lower energy particles. As the activity decreases and the
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Figure 6.2: %°Sr decay counted in a CdTe detector in a groundwater borehole simulation at
different activities.

spectra begin to shift to the left, the distribution of the response function changes too. The
peak at the lower energy points in the spectrum is no longer seen and the counts become
more evenly distributed across the energy distribution in the spectrum.

Table 6.4: The counts observed in a GaAs sensor for various radionuclides found at Sell-
afield, and the percentage increase compared to the CdTe sensor.

Activity BqL™!  Sr90 Counts Y90 Counts K40 Counts  'C Counts
100,000 28,428 (+222 %) 834,089 (344 %) 505,585 (311 %) 0
10,000 2859 (+222 %) 83,203 (343 %) 50,438 (310 %) 0
1,000 321 (+236 %) 8,130 (333 %) 5,080 (313 %) 0
100 32 (+320 %) 802 (326 %) 506 (294 %) 0
10 3 81 58 0
1 1 15 10 0

95



—10,000 Bq/L Sr90
—1,000 Bq/L Y90
Combined spectrum

0 0.5 1 1.5 2 2.5
Channel

10°

Figure 6.3: °°Sr and ?°Y counts recorded recorded in a CdTe detector in a groundwater bore-
hole simulation. The maximum decay energies are reduced as the particles are attenuated in
water and the detector casing. The combined spectrum is plotted in yellow.

6.5 GaAs detector

The previous sections assesses a 10 x 10 x 1 mm CdTe sensor, but other sensors types are
available. One such sensor is a gallium-arsenide, GaAs, sensor with a surface area of 2 cm?
and a much thinner sensitive layer at 3 pm. This sensor is designed for solar panel usage
and therefore has a larger surface area. This detector may be applied for the purposes of
radionuclide monitoring, and its larger surface area, different material and thinner sensitive

layer provides a contrast in approach to the CdTe sensor.

The same experiments were repeated with the GaAs sensor. The range of activities found at
Sellafield for radionuclides are shown in Table 6.4 with the percentage increase compared
to the counts in the CdTe sensor. Notably, the counting rate is much higher and this is due
to the larger surface area of the sensor. This becomes particularly pertinent at the activities
from 1-100 BqL~!. The GaAs detector is proportionally more sensitive to *°Y decay than
98r decay. However, in spite of the larger surface area the GaAs detector is still unable to

detect 1“C decay and is sensitive to the same radionuclides, *°Sr , °°Y and 4°K.
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Table 6.5: The limit of measurement for °°Sr in the GaAs detector for increasing lengths of
measurement.

Length of Measurement Limit of Detection (BqL™1)

10 minutes 226
1 hour 91
24 hours 18
48 hours 13
168 hours 7
10*
—10,000 Bq/L Sr90 GaAs
—1,000 Bg/L YO0 GaAs
Combined spectrum GaAs
103
2
C
5102
(@]
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Figure 6.4: °Sr and °Y counts recorded recorded in a GaAs detector in a groundwater
borehole simulation. The combined spectrum is plotted in yellow.

If it is assumed that the same level of background is present for the GaAs sensor, the LOD is
significantly lower when compared to the CdTe detector. Table 6.5 describes the LOD of the
GaAs sensor as the measurement time is increased. This means it is a more viable detector for
monitoring contamination close to the safe water drinking limit and results can be achieved
within a 48 hour period. The detector is more sensitive when it comes to simply counting the
beta decay in the groundwater, however the response function of the detector to radiation is
significantly different to the CdTe sensor. Although *°Y may be counted after ingrowth as a
method of estimating ?Sr activity in groundwater, the activity of *°Y in groundwater is not
recorded. This is due to the weeks it takes for °Sr analysis to happen and the short decay

time of *°Y . It is unclear whether *°Y and ?°Sr occur in groundwater in secular equilibrium or
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whether this ratio is disrupted by other factors such as their sorption onto different materials
in the ground. Fig. 6.3 plots the detector response to a 10:1 ratio *°Sr and *°Y and their
combined spectra. As previously indicated, the detector is more sensitive to *°Y decay and
there are approximately twice as many °Y counts as °Sr counts in these spectra. Fig. 6.4
plots the spectrum captured by the detector for a groundwater mixture containing 10,000
BgL~! of °Sr and 1000 BgL ! of ®°Y . There is little distinction between the two sources in
terms of channel number in the detector and it would be impossible to identify the presence
of both radionuclides by looking at the energy deposits. The detector would lose its ability
to distinguish between *°Sr and °Y decay. This can be seen by comparing Fig. 6.3 with
Fig. 6.4. The spectrum produced in the GaAs detector is compressed and shifted to the left,
only a few counts of *°Y 90 exceed the energy deposit produced by *’Sr . This reduces the

possibility of identifying radionuclides by their energy deposit in the detector.

6.6 Conclusions

An in-situ %°Sr detector was modelled to examine its potential performance and sensitiv-
ity in a real-world scenario. This technique requires the detector to be deployed directly
into a groundwater borehole where it directly counts beta decay from radionuclides. This
will eliminate the requirement for chemical separation and pre-treatment necessary for other
techniques, such as liquid scintillation counting. Geant4 was used to model a groundwater
borehole scenario, and the deployment of the detector into water contaminated with 08r |
Wy  B7Cs, 14C and “°K. A 10 x 10 x 1 mm CdTe sensor was contrasted with a 20 mm x 20

mm x 3pm GaAs sensor.

The CdTe detector was found to be sensitive to strong beta emitters, *°Sr , °°Y , 137Cs, and
40K, with that sensitivity increasing with the average emission energy of the radionuclide in

question. However there was no sensitivity to 14C, a weak emitter, but one which contributes
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significantly to the total beta counts found at Sellafield. The GaAs sensor was more sensi-
tive in terms of counts to each radionuclide, but was similarly blind to weak beta emitters.

Therefore, such a detector is unlikely to be effective as a counter for total beta activity.

The limit of detection for the CdTe sensor and *°Sr decay was found to be 323 BqL ! after
a 1 hour measurement and 66 BqL_1 after a 24 hour measurement. Meanwhile, the GaAs
sensor had a lower limit of detection of 91 BqL~! and 18 BqL~! in 1 and 24 hours respec-
tively. Existing techniques are capable of examining “’Sr decay below the World Health
Organisations safe drinking water limit of 10 BqL~!. This has the benefit of allowing de-
commissioning sites to examine the data quickly to determine whether beta activity is present
or not, and rapidly respond to unexpected spikes in groundwater activity resulting from new
leaks. This could be used to compliment existing techniques and allow for a selective ap-
proach with existing techniques such as liquid scintillation counting for closer examination
of 9°Sr activity. Additionally this would allow for rapid scanning of large areas of land and

be used to pinpoint locations of peak activity.
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7. ldentification of beta emitting radionu-

clides

Reprinted from: G. Turkington, K. A. A. Gamage, J. Graham, The Simulation of In-Situ
Groundwater Detector Response as a Means of Identifying Beta Emitting Radionuclides by

Linear Regression Analysis, Sensors 21 (17) (2021) 5732. 10.3390/s21175732. [22]

7.1 Abstract

The in-situ characterisation of strontium-90 contamination of groundwater at nuclear decom-
missioning sites would represent a novel and cost-saving technology for the nuclear industry.
However, beta particles are emitted over a continuous spectrum and it is difficult identify ra-
dionuclides due to the overlap of their spectra and the lack of characteristic features. This
can be resolved by using predictive modelling to perform a maximum-likelihood estimation
of the radionuclides present in a beta spectrum obtained with a semiconductor detector. This
is achieved using a linear least squares linear regression and relating experimental data with
simulated detector response data. In this case, by simulating a groundwater borehole sce-
nario and the deployment of a cadmium telluride detector within it, it is demonstrated that it
is possible to identify the presence of ?°Sr, 0Y , 137Cs and #*>U decay. It is determined that
the optimal thickness of the CdTe detector for this technique is in the range of 0.1 to 1 mm.

The influence of suspended solids in the groundwater is also investigated. The average and
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maximum concentrations of suspended particles found at Sellafield do not significantly de-
teriorate the results. It is found that applying the linear regression over two energy windows
improves the estimate of “°Sr activity in a mixed groundwater source. These results provide
validation for the ability of in-situ detectors to determine the activity of *°Sr in groundwater

in a timely and cost-effective manner.

7.2 Introduction

This research aims to develop a methodology for estimating the *’Sr activity in contami-
nated groundwater at nuclear decommissioning sites as measured by a cadmium telluride
(CdTe)[117, 118] detector that is deployed in a groundwater borehole. There is demand in
the nuclear decommissioning industry to develop new °°Sr monitoring techniques that can
reduce the lifetime monitoring costs of the radionuclide [18, 119, 120, 121, 122, 123]. The
aim is to design techniques that are safer, produce less secondary waste and can be completed
rapidly without the need for specialised laboratory techniques. Currently, groundwater sam-
ples are taken from underground boreholes, treated, placed into storage and, eventually, the
radionuclides in the groundwater are analysed using radiochemical separation and liquid
scintillation counting. However, these stages could be bypassed with the deployment of an
in-situ semiconductor detector. In order to compete with existing techniques, an in-situ de-
tector should be able to identify the activity of individual radionuclides. This paper reports
on a technique that allows for the activity of individual radionuclides to be determined using
a gross measurement of the activity in the borehole and predictive modelling. Each radionu-
clide’s contribution to the total activity is estimated by relating the gross spectrum to the

simulated detector response to each radionuclide in the scenario.

There are two main challenges to consider when designing a beta detector. The first is that

beta particles have a limited range in matter and are easily attenuated as they travel through
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the environment [124]. The consequence of this is that the detection medium must be placed
very close to the source of the radiation [125]. This is the reason that liquid scintillation is
one of the primary beta detection techniques [49]. By mixing the sample of radionuclides
and the scintillator together, the likelihood of interaction between beta radiation and the
scintillator is sufficiently high. Liquid scintillation counters are able to achieve a low limit
of detection, below the guideline value for drinking water. Alternatively, this research has
taken advantage of the development of high-quality, high-density and high-energy-resolution
semiconductors to design a compact detector that can be immersed directly in contaminated
groundwater. Using a thin layer of waterproofing, the detector can be deployed in contami-

nated groundwater while keeping the attenuation of the radiation spectrum minimal.

The other challenge is that beta decay results in particles that are emitted over continuous
spectra and terminate at an end-point energy. This presents difficulties when identifying
beta emitters from a mixed source of radiation. When °Sr decays via beta emission, it is
a result of an excess of neutrons in the nucleus, one of which will convert into a proton,
a beta particle and an anti-neutrino. The emission of the anti-neutrino during beta decay
is significant as the energy released by the nuclear decay is shared between both particles,
resulting in the continuous spectrum of emission. As a result, it is difficult to determine the
origin of a particular beta particle in a mixed spectrum and, consequently, the radionuclides
in the sample. By contrast, gamma emission occurs as electrons fall between fixed energy
levels in the nucleus [25]. This results in characteristic energy peaks in the emission spectra,
from which the associated radionuclides can be easily identified. As it is not practical to
perform radiochemical separation in situ, the detection of *’Sr will require the acquisition of
a gross beta spectrum and predictive model to identify the constituent radionuclides. This
method posits that the total spectrum measured with the detector comprises the summation of
the detector response to each individual radionuclide. By simulating the detector response to
the constituent radionuclides, a linear regression model can be applied to make a maximum-

likelihood estimate of the radionuclides present in the groundwater and their activities.
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7.2.1 Background literature

Predictive modelling techniques have been developed for applications with different detector
types. A simulation-based linear regression approach to radionuclide identification has been
demonstrated in other research [126, 127]. S. Grujic et al. [128] report on using the Monte
Carlo simulation package MCNP [129] to simulate the response function of a semiconductor
Si detector to identify *°Sr contamination in water samples taken from spent nuclear fuel
storage pools. In this case, a PIPS (passivated implanted planar silicon) detector with a
surface area of 1.197 cm and a thickness of 502 pum is simulated. In this research, the gross
radiation spectrum is considered to be the sum of the individual radiation spectra, modified

by the response function of the detector—as described in Equation (7.1).

N
> AuRy; = Cii =igiy (7.1)
n=1

where ¢ is the lower and upper channel number of the multichannel analyser in the detector,

N is the number of unknown radionuclides with unknown activities in the sample, A, is

the activity of the radionuclide that must be determined [Bq], R,, ; is the simulated response

function of the detector to radionuclide n in channel 7, and C; is the gross beta spectrum
that is measured with the detector in the configuration as modelled in the simulation. This
equation can be used to form a system of linear equations that are resolved using the least
squares with linear inequality constraints method [130]. In this study, the groundwater sam-
ple was placed in a Petri dish below the detector and the scenario was modelled in MCNP.

The researchers used the least squares method to identify an activity of 166.3 =+ 13.4 Bq

cm~? for *’Cs in a mixed sample with °Sr . The activity of '37Cs in the sample was found

to be 179.8 & 10.5 Bq cm™* using a calibrated GX5020 germanium (Ge) detector.

E. Bai et al. conducted an investigation into the use of portable gamma detectors for identi-

fying radionuclides in public spaces and at checkpoint searches with the goal of identifying
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nuclear weapons. In this case, the researchers were interested in poorly resolved gamma
spectra from unknown radionuclides, where there may be potential overlap of gamma emis-
sion or sufficient attenuation of their characteristic peaks to mask their presence. They pro-
posed a technique where the detector repsonse is modelled, but they presented a two-stage
algorithm consisting of a linear regression stage and a subsampling stage based on majority
voting [105]. The detection algorithm is based on a similar equation to Equation (7.1). In
typical gamma detection, a peak fitting algorithm is used to fit a Gaussian function to peaks
in detected gamma spectrum, and the energies of these peaks are used to identify the radionu-
clides from a database of radionuclides. The scenario that the researchers address is when
the gamma peaks are masked by noise or so poorly resolved that peak fitting may fail. The
generated system of equations was resolved using a least absolute shrinkage and selection
operator (LASSO) algorithm with a subsampling stage implemented to successfully reduce
the rate of false positive errors. Predictive modelling is increasingly being used in other fields
to overcome the deficiencies in detector technology as a means to implement remote sensors

for monitoring environmental quality [131, 132, 133, 134]

7.3 Methodology

The radionuclide identification procedure presented in this research comprises two sections.
First, the detector response is simulated [135], and second, a system of equations is con-
structed that relates the detector response to individual radionuclides to the gross radiation
spectrum that is measured. A linear regression is applied to the system of equations to pro-

vide an estimate of the activity of the radionuclides in the groundwater.
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7.3.1 Groundwater radiation model

The gross radiation spectrum collected with an in-situ detector comprises contributions from
each individual radionuclide present in the groundwater. This can be expressed by a linear

relationship, as written in the form of Equation (7.2).

M = RN (7.2)

M is a vector containing the gross spectrum of radiation measured with a CdTe detector de-
ployed in a groundwater borehole. N is an n x k£ matrix that details the detector response to
each individual radionuclide, where k is the number of radioactive sources and n is the num-
ber of channels in the detector. The relative activities of the radionuclides, R, are unknown
and can be found by solving Equation (7.2) computationally using linear regression[136]. In

this case, the iteratively weighted least squares method is used [137].
7.3.2 Detector response simulation

In nuclear radiation spectroscopy, the spectrum that is output by a detector is an approxi-
mation of the true emission spectrum released by radionuclides. These two spectra can be
related by a response function. There are two aspects that contribute to the response function.
Firstly, the radiation must interact physically with the environment en route to the detector
and this leads to attenuation of the spectrum. This process is simulated using the Monte Carlo
software, Geant4 [138]. Secondly, the contribution of electronic noise and statistical varia-
tions in electron-hole production [25] within the semiconductor must be modelled, and this

is achieved with a Gaussian broadening of the detector output generated by Geant4.

This is expressed in Equation 7.3[139].
Emin
/ R(S,E)N(E)dE = M(S) (7.3)
0
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In this equation, N(E) is the emission spectrum, M(S) is the measured radiation spectrum,
R(S,E) is the response function, S is the signal value, and E is the radiation energy. This
equation has the form of a Fredholm integral equation and can be rewritten as a system of

linear equations; see Equation (7.2).

The groundwater borehole environment in which the detector will be deployed was modelled
with a Geant4 simulation; see Figure 7.1. The purpose of the simulation is to model the
decay of radionuclides and the interaction of the released radiation with the environment and
the detector. A typical groundwater borehole at Sellafield comprises a plastic inner layer
with 5 cm diameter and is surrounded by a silicon filtering layer, which is installed to keep
contaminants out of groundwater samples. The interior of the borehole was filled with water

to a depth of 5 cm, with the detector positioned at the surface.

The detector design consists of a 10 x 10 x 1 mm CdTe detector with 20 nm thick plat-
inum Ohmic contacts on either side. The detector is sealed with two layers of low-density
polyethelyne (LDPE), a thin and waterproof plastic, which protects the detector and elec-
tronics from the groundwater but also attenuates incoming beta particles. There is a I mm

gap between the detector and the LDPE that is filled with air.

To generate data to fill the response matrix, N, the groundwater was populated with the
equivalent of 100,000 BgL~! ?°Sr, Y | 137Cs, 4°K for 5 h of measurement in the borehole.
This simulation used the FTFP BERT physics list, which allows electron interactions up to
100 TeV and uses a maximum step length of 0.65 mm, an energy threshold of 900 keV and

a low energy limit of 1 eV.

FWHM = a+b\/(E + cE?) (7.5)
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Figure 7.1: The scenario simulated in the simulation. A PVC pipe, with a 5 cm diameter,
comprises the innermost layer of the borehole and it is surrounded by silicon. The detector
is deployed in contact with the water, which is populated randomly with decaying radionu-
clides.
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Figure 7.2: The simulated *’Sr spectrum acquired with the CdTe detector in the groundwater
scenario, black, with the Gaussian broadening applied, blue.

A Geant4 simulation tracks radiation as it travels through matter and calculates the energy
physically deposited in the material body of a radiation detector. However, the reality of
radiation detection is more complicated. To make the simulated detector response more
realistic, a Gaussian broadening was applied to the data. Manufacturer data were used to
plot the correlation between the full width half-maximum (FWHM) and the gamma peaks of
Am, "Co,'37Cs. The coefficients a, b and ¢ were determined from Equation (7.5) and were

used to apply a Gaussian broadening to the simulated spectra, as seen in Figure 7.2.

7.4 Results

The goal of this section is to demonstrate the deconvolution of a gross beta spectrum and
evaluate the methodology to establish whether it can identify “°Sr activity in a contaminated

groundwater environment.

This technique is dependent on a priori knowledge of the radionuclides expected to be found

in a groundwater borehole at a nuclear decommissioning site. If a radionuclide is not in-
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cluded in the response matrix, its presence cannot be determined. On the other hand, it is
necessary to evaluate whether including many radionuclides in the response matrix can lead
to false positives or otherwise distort the estimates of radionuclide activity. In Table 7.1, a
borehole simulation is populated with *°Sr activity from 100,000 BqL~" to 100 BqL~*. The
response matrix, X, is populated with just ®°Sr and *°Y initially, but '3"Cs, 4°K, and #*°U
are added in stages so that their effect on the estimated ratio of *°Sr and *°Y can be com-
pared. This has demonstrated that the regression technique is effective at determining the
ratio of ?°Sr present in the groundwater down to activities as low as 100 BqL~!. The inclu-
sion of the additional radionuclides into the response matrix does not produce any significant
false positive values in the results and only alludes to a small deviation in the estimation of
activity.

Table 7.1: Results of analysis of a pure “°Sr mixture of decreasing activity with different
radionuclides included in the detector response matrix.

9Sr Activity BqL ™! X[PSr Y ] X[P0Sr Y 137Cs] [0S 90y 137Cs 49K °U]
100,000 [1.0000 0.0000] [1.0000 0.0000 0.0000] [1.0000 0.0000 0.0000 0.0000 0.0000]
10,000 [0.1017 0.0001] [0.1010 0.0000 0.0000] [0.1001 0.0001 0.0000 0.0000 0.0001]
1,000 [0.0125 0.0000] [0.0111 0.0000 0.0000] [0.0114 0.0004 0.0000 0.0000 0.0002]
100 [0.0019 0.0000] [0.0021 0.0000 0.0000 ] [0.0021 0.0000 0.0000 0.0002 0.0000]

Table 7.2 demonstrates the ability to resolve “°Sr from °Y decay at varying activity levels
in groundwater. In reality, it is not well understood how these two radionuclides exist within
the groundwater itself. The elements have different chemical properties, which means they
interact with the environment differently; °°Sr and *°Y have different sorption rates in soil
and move through the groundwater system at different rates. When a groundwater sample is
collected, significant time passes between sampling and activity determination, which means
that secular equilibrium is achieved at the point of counting. The spectrum of this mixture
is plotted in Figure 7.3. Here, the measured spectrum is plotted in black. The gamma peak
from '37Cs can be seen at 662 keV, with the X-ray photopeak protruding at the start of the
spectrum. The long tail is due to beta emission from °Y . Because °Y decay results in more
energetic particles, it produces a higher count-rate for the same activity when compared with

%8r . This means that the *°Y spectrum is more well-defined for low activities, and this

109



reflects the results shown in Table 7.2, where the ratio of °Y is reproduced more reliably at
low counts compared to °Sr . However, it is still possible to identify the presence of *°Sr
in strongly *°Y -contaminated groundwater. This scenario is unlikely to occur in reality, but

serves as verification of the effectiveness of the technique.

98r and °Y are not the only radionuclides found in contaminated groundwater at nuclear
decommissioning sites; therefore, the deconvolution of a gross radiation spectrum may con-
tain contributions from gamma emitters such as 3’Cs and even alpha emitters such as 23°U.
The detector’s response to these radionuclides has been simulated and the deconvolution of
137Cs is presented in Table 7.3. 3"Cs decay comprises beta decay up to an end-point en-
ergy of 0.512 MeV and gamma emission at 0.662 MeV. 37Cs is not typically found in high
groundwater concentrations at Sellafield due to its strong sorption onto soil, with a maximum
activity of 41.8 BqL™!. The results demonstrate the ability to deconvolve '37Cs activity from
a mixture of high activity “°Sr and low activity *°Sr .

Table 7.2: The ratios of *°Sr and *°Y mixed to different activities as determined by linear

regression analysis.
9Sr Activity BqL™! Y Activity BqQL™'  ®Sr Ratio Y Ratio

100,000 100,000 1.0000 1.0000
100,000 10,000 1.0390 0.0974
100,000 1,000 1.0125 0.0011
100,000 100 0.9963 0.0003
100 100,000 0.0022 1.0000
100 10,000 0.00411 0.0973
100 1,000 0.0015 0.0108
100 100 0.0000 0.0001

Finally, this method was applied to a realistic mixture of radionuclides that may be found in a
groundwater borehole, as shown in Table 7.4. The results are reported with a 95% confidence
interval. There is agreement between the simulated activity and the calculated activity as a
result of the deconvolution of the gross spectrum. 23U was correctly not identified in the
sample and the activities of 37Cs, “°Sr and *°Y were resolved despite the common overlap
between their beta emission. The estimated activity of “°Sr 12.03 4 0.56 kBq L~! which

leaves some discrepancy between the true and calculated activity. This is largely down to
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Figure 7.3: The spectrum corresponding to the radionuclide mix in Table 7.4 output by
the detector is plotted in black, and the reconstructed spectrum resulting form the linear
regression is plotted in red.

Table 7.3: The ratios of °Sr and '3"Cs mixed to different activities as determined by linear

regression analysis.
98r Activity BqL™!  137Cs Activity BgL™!  ?“Sr Ratio ¥"Cs Ratio

100,000 100,000 1.0000 1.0000
100,000 10,000 0.9686 0.1004
100,000 1,000 0.9810 0.0104
100,000 100 1.0072 0.0011
100 100,000 0.0022 1.0000
100 10,000 0.0000 0.1000
100 1,000 0.0000 0.0103
100 100 0.0094 0.0011
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difficulties in resolving ?°Sr and *°Y spectra. °Y emission is more energetic and therefore

less likely to be fully absorbed in the groundwater.

Table 7.4: The estimate of *°Sr, *°Y , and '3"Cs activity from a realistic groundwater bore-
hole

Radionuclide Simulated Activity (kBqL=!) Calculated Activity (kBqL™!)

PSr 10.00 12.29 £ 0.56
Ny 1.00 0.74 £ 0.05
137Cs 0.10 0.12 £+ 0.004

5y 0 0.00

7.4.1 Alternative detector

The previous sections describe the use of a 10 x 10 x 1 mm CdTe detector that was designed
specifically for monitoring °Sr contamination, but the results of applying this technique to
other detectors’ configurations should be considered. A 1 mm detector is relatively unusual
and detectors on the market are typically much thinner; indeed, thin solar cell panels may
even be appropriated as radiation detectors. This section will consider the use of such detec-
tors and evaluate whether they are viable for the linear regression technique. CdTe detectors
of decreasing thickness were exposed to a simulated groundwater scenario containing 10kBq
L' of %°Sr, 1 kBq L™! of °Y and 0.1 kBq L~! of '37Cs. The results of the simulations are
displayed in Table 7.5. The 0.003 mm thick detector categorically produces the least agree-
ment and it completely fails to estimate the activity of *°Sr in the groundwater. The material
is not thick enough to sufficiently resolve in incident radiation upon its surface and as such
produces highly compressed spectra. These spectra become impossible to distinguish from
one another, which leads to the results seen in Table 7.5. Therefore, it is determined that in
order to perform this technique, the thickness of the detector should fall within the range of

1 mm to 0.01 mm.

Of the detectors that fall into this range, it is notable that the detector with 0.1 mm thickness
produces results that are closest to the true activities in the sample. This is somewhat para-
doxical but can be explained by the effect of backscattering particles. Beta particles incident

on a surface are prone to backscattering, where they only deposit a fraction of their energy
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Table 7.5: The estimate of “°Sr, °Y , and '3"Cs activity from a realistic groundwater bore-
hole using a 3 pm GaAs detector.
Thickness (mm) “Sr (kBqL™) Y (kBqL™!) ¥"Cs(kBqL™!)

1.0 12.03 £ 0.56 1.03 £ 0.14 0.12 £ 0.04

0.5 12.11 £ 0.52 0.99 £ 0.04 0.083 £+ 0.003

0.1 10.42 £0.42 0.99 + 0.02 0.099 £ 0.004
0.01 12.72 £ 0.91 0.93 £ 0.01 0.11 £ 0.013
0.003 0.00 £ 1.10 0.89 + 0.01 5.81 £0.30

and leave the detector before they are fully absorbed. This effect produces a peak in both
the %Sr and ?°Y spectra collected with these detectors. When the detector is very thin, this
peak is very pronounced. As the thickness of the detector increases, an increasing number
of particles are distributed at higher channel numbers in the detector. This effect produces a
second peak that is present in the 0.1 mm thick detector, but not in the 0.5 and 1 mm thick de-
tectors. This characteristic of the spectrum in the 0.1 mm detector means that the regression

can more easily resolve the *°Sr and °Y spectra.

7.4.2 Impact of suspended solids

The groundwater found in monitoring boreholes commonly contains small concentrations of
suspended solids, such as minerals and rock, which may remain from the drilling process or
from inflow from the surrounding geological formation. To consider any potential influence
of these particles on the measurement of radionuclides, these non-radionuclide components
were added to the simulation based on analysis of measured particle concentrations, turbidity

analysis and analysis of representative rock data.

The components considered include sodium, potassium, iron, calcium, magnesium, iron, alu-
minium, silicon and oxygen [140]. These components were distributed uniformly throughout
the groundwater simulation, in accordance with the average and maximum monitored values.
The results are reported in Table 7.6. When the groundwater contains the average concen-
tration of all the components, 40 mg L', the estimated activity of *Sr is 10.09 4+ 0.55

kBq L', and returns a result of 9.74 £ 0.51 kBq L~! for the maximum concentration at
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300 mg L~!. Therefore, it is not determined that these concentrations of components in the
groundwater influenced the determination of the activity. The variation between the reported
results is due to the random nature of radioactive decay and some inconsistency in the linear
regression technique used.
Table 7.6: The estimate of *°Sr , activity from a realistic groundwater borehole with different
concentrations of suspended non-radionuclide particles.

Total Concentration mg L~!  Estimation of 10 kBq L~ *Sr Activity

Average 40 10.09 £ 0.55
Maximum 300 9.74 + 0.51

Suspended solid concentrations can reach much higher levels than presented here; however,
these can be considered to indicate a poorly designed or installed borehole or one requiring

maintenance before a detector could be deployed.
7.4.3 Activity determination by energy Windows: other improvements

As seen in Table 7.4, there is room for improvement in the determination of “°Sr activity
from a mixed source. One reason for this poor performance is the overlap of all the spectra
up to the *Sr end-point energy of 0.546 MeV. It has already been noted that the presence of
an artificial peak in the °°Y spectrum can improve this deconvolution. As this peak is not
present in detectors thicker than 0.5 mm, the estimation of the activities can be improved
by performing a linear regression over two energy windows, low and high. The low energy
window is classified as the energies up to 0.546 MeV and the high energy window contains
all subsequent energies recorded in the detector. Therefore, no “°Sr decay is present in the
high energy window and this window can be used to determine the activities of *°Y and
137Cs independently from °Sr activity. The reconstructed °Y and '3"Cs spectra are then
subtracted from the low energy window which allows the activity of °Sr to be determined
independently of higher-energy radionuclides. This technique was applied to a groundwater
simulation containing 10.0 kBq L™ ®°Sr, 1.0 kBq L' of ?°Y and 0.1 kBq L~ of 3"Cs
and the results are displayed in Table 7.7. In this case, the estimated activity of “’Sr is

erroneous by a margin of 0.77 kBq L™! compared with 2.29 kBq L~!. This demonstrates
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that performing a linear regression over a high energy and low energy window can improve

the estimation of %°Sr activity in a mixed groundwater source.

Table 7.7: The estimate of “°Sr, °Y , and '*"Cs activity from a realistic groundwater bore-

hole
Radionuclide Simulated Activity (kBq L™') Calculated Activity (kBq L™!)

PSr 10.00 10.77 £ 0.21
Ny 1.00 1.06 £ 0.03
137Cs 0.10 0.10 £0.01
235U 0 0.00

The purpose of an in-situ detector is to collect results rapidly, and, as such, the previous
spectra were collected over a time period of 5 h. Increasing this time period would result
in spectra with a greater number of total counts. In Table 7.8, the results of determining
10 kBq\ L activity over increasing time periods are presented. The results are consistent and
it is not apparent that increasing the counting time is a factor in achieving estimates that are
closer to the true “°Sr activity. Additionally, increasing the number of counts in the a priori
matrix, X, makes no discernible difference to the estimated activity for the same 10 kBq\ L

908r activity over a 5 h period.

Table 7.8: The estimate of “Sr activity for increasing lengths of measurement, and therefore

counts.
Length of measurement (hours) Simulated Activity (kBq L™!) Calculated Activity (kBq L™')

5 10.00 10.05 £ 0.09
10 10.00 9.84 +£0.03
24 10.00 9.69 + 0.04

7.5 Conclusions

The issue of quantifying *°Sr activity in groundwater boreholes with an in-situ detector has
been presented and addressed by simulating the detector response and using a linear regres-
sion to estimate the activity of the radionuclides present. The response function of a CdTe

detector to ?°Sr, 0Y 137Cs and ?*U contamination in a groundwater borehole was simulated

115



using the Monte Carlo software package Geant4. These response functions were used to cre-
ate a database from which the detector’s response can be predicted. This method can be used
to estimate “°Sr activity as low as 100 BqL™!, and it can be applied to identify *°Sr activity
among a background of Y , 137Cs, 4°K and ?*>U. It was shown that including additional
radionuclides in the response function matrix does not significantly degrade the estimate of
908r activity. It was determined that detectors with thickness in the range of 0.1 to 1 mm can

be used to apply this technique.

The issue of suspended solids in the groundwater was examined. The commonly found
particles at Sellafield are sodium, potassium, iron, calcium, magnesium, iron, aluminium,
silicon and oxygen, and these were included in the groundwater simulation at average and
maximum concentrations. For these concentrations, the particles were not found to influence

the results of radionuclide activity estimation.

One of the main impediments to beta spectroscopy is the overlapping of spectra that do not
have characteristic features. This was resolved by applying the linear regression technique
to two energy windows, determined by the end-point energy for *°Sr emission. Using this
approach, the °Sr activity in a 10.0 kBq L' °°Sr, 1.0 kBq L=! ?°Y and 0.1 kBq L~ '37Cs

mixed source was estimated as 10.77 4= 0.21 kBq L.

These results have demonstrated how detector simulation and data regression can be used
to enable in-situ semiconductor detectors to estimate “°Sr , Y , 37Cs and 23°U activity in
groundwater. However, some shortcomings are still present. Future research will investigate
whether the application of different linear regression techniques can be used to improve the
results. Some success may be found by incorporating different approaches to weighting to
reduce the influence of outliers in the regression. The incorporation of other techniques, such

as peak finding, may help to refine the results generated with this approach.
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8. Discussion and conclusion

8.1 Summary

The development of novel radiation detectors is an essential field of research for the nuclear
decommissioning industry and its aim of monitoring nuclear waste contamination at legacy
sites. In this thesis a novel in-situ *°Sr detector has been developed, and its potential use
has been demonstrated. This involved several stages: research, design, characterisation and
simulation of in-situ deployment. This culminated in the development of a novel in-situ
semiconductor detector which served as proof-of-concept for this approach to monitoring

9Sr contamination in groundwater.

The first step in the project was to perform a comprehensive literature review of the existing
9Sr monitoring methods to understand how they work and identify areas in which they can
be improved. The major problems which concern beta detection are that the particles have a
short range in matter and are emitted over a continuous spectrum. Existing techniques have
adapted to these challenges by taking samples from the field and performing radiochemical
separation followed by liquid scintillation counting in the lab. This approach generates high
quality results but it is time consuming and produces secondary waste. This thesis discusses
the mitigation of these problems by presenting the development of a novel detector which is
designed to be to deployed in a groundwater borehole for in-situ monitoring. Such a detector
must have a small form factor, less than 5 cm width, be waterproof and mobile. After a
review of potential detector media, it was decided that room temperature semiconductors

offered a viable solution to the problem.
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A comparison of different semiconductor materials was the next stage in the project. There
are many different materials which can be used to construct semiconductor detectors in-
cluding gallium arsenide, cadmium telluride and silicon. These materials were compared
through literature review and more specifically Geant4 simulations, see Chapter 4. Through
modelling semiconductor materials, it was possible to examine how the materials interact
with beta radiation on a fundamental level and this lead the design of the semiconductor
detector in terms of the physical dimensions required to absorb *°Sr emission, namely the
thickness of the detector. It was found that higher density materials could absorb more of
the energy from beta particles but an increase in atomic number also corresponded with an
increase in backscattering which ultimately reduces the sensitivity of the detector in terms
of counts. Both CdTe and GaAs were determined to be suitable room temperature semicon-
ductor materials for an in-situ °Sr detector and offered better performance than Si for this
application. It was found that the optimal design of the semiconductor would be 1 mm thick

with a surface area of at least 10 mm?.

A CdTe panel, supplied by Acrorad, was used as the medium for the °°Sr detector. The 10
x 10 x 1 mm panel was paired with appropriate charge sensitive amplifiers, a FPGA chip to
digitally process the signal and interface with a computer, a programmable on-board power-
supply and simple casing with water-proofing. This resulted in a detector unit which was
submersible and was found to be sensitive to a collimated *°Sr source up to a range of 55.86
£ 5.40 mm in water. This served as the basis for demonstrating the experimental viability of

the detector however the Covid-19 pandemic halted further experiments at this point.

In order to replicate laboratory experiments a Geant4 simulation was developed to investi-
gate the deployment of the detector in a borehole scenario and determine its sensitivity to
the radionuclides which are found at a decommissioning site. A section of a borehole was
modelled including the soil, sand, plastic pipe and groundwater which was populated with
various radionuclides. It was found that the detector was sensitive to “°Sr , 20Y , 37Cs,

14¢C, and °K, some of the predominant beta emitters found at Sellafield. The detector was
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not sensitive to low energy beta emitters like *C as they were significantly attenuated by
the water and waterproof casing of the detector. When solely looking at *°Sr decay it was
estimated that a minimum detectable limit of 323 Bq/L was achieved for a 1 hour measure-
ment, improving to 66 Bq/L with a 24 hour measurement. This means that this approach
can be competitive with existing techniques which can produce a limit of detection under the
WHO'’s safe drinking water guideline of 10 Bq/L but on a much shorter time scale. Using a
more readily available GaAs sensor with a wider surface area and thinner sensitive layer, the
detectable limit fell to 18 Bg/L however such a detector would sacrifice the ability to resolve

the end-point energy of high energy beta particles.

The final section of the research dealt with one of the key issues facing in-situ detection of
98r , the task of identifying *°Sr activity from a background of mixed beta radiation. In exist-
ing techniques, this is achieved by using radiochemical separation in a lab, but this produces
secondary waste and it would be difficult to adapt these techniques to an in-situ scenario.
An alternative approach is to use predictive modelling to perform a maximum-likelihood
estimation of the radionuclides present in the beta spectrum obtain with the detector. This
was done by simulating the detector’s response to radionuclides such as *°Sr , °Y |, 137Cs,
and #*°U. This data is used to form a linear relationship between the modelled individual re-
sponses and the gross beta spectrum measured with the detector. Using this approach, it was
possible to identify the presence of these radionuclides from a mixed source measurement.
Different detector designs were tested and it was ascertained that the optimal thickness of a
CdTe detector for this approach is in the range of 0.1 mm to 1 mm. The technique demon-
strated here points a way forward for in-situ detectors to identify and determine the activity

of radionuclides in a mixed source.
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8.2 Outlook

The detector developed in this research has provided insight into how beta radiation can be
detected in-situ using a compact semiconductor detector which is deployed into groundwater
boreholes. This avoids the need for sample collection and treatment yet is capable of produc-
ing results on a shorter time-scale. This was achieved by developing a small detector which
can be easily deployed in hard to reach areas and using predictive modelling to identify the

radionuclides present in a sample.

By deploying this type of detector in groundwater boreholes across a decommissioning site,
the beta activity in the groundwater could be monitored in near real time, particularly in high
activity areas, and this could allow for rapid response to spikes in activity. Additionally, as
the detector is compact its use can be adapted to other environments and applications such
as waste pipes, rivers or other commercial security scenarios where the geometry is tight
and it’s difficult to place a detector. However, the predictive modelling technique must be
adapted to each environment as the radiation emitted will behave differently depending on
its material interactions. Different geometries and materials will produce a unique detector

response for each scenario.

One of the primary challenges facing in-situ beta detection is the identification of radionu-
clides present in the medium being monitored. The solution proposed in this research is to
use a predictive modelling technique based on linear regression. Chapter 7 demonstrated the
potential of this approach as a viable technique and performing the analysis over different
energy windows was proven to improve the results. This could be further developed by the
modification of the detector to include different sensor types. One approach explored in this
research was to use a thin and flexible semiconductor material wrapped around the surface of
the detector, this was modelled with a Geant4 simulation. Alternatively, a different detector

type such as a scintillator paired with a SiPM (Silicon photomultiplier) could be implemented
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to capture more low-energy beta particles. Another approach could see shielding introduced

into the detector to limit the absorption of low energy beta particles.

8.3 Future work

This research has demonstrated the potential for an in-situ beta detector for monitoring *°Sr
contamination in groundwater boreholes but in order to ready the detector for field use further
development is required. This includes improving the detector hardware and developing

computer software for radioisotope identification.

The effects of temperature were only briefly considered in this research, where the detector
was immersed in ice cooled water. In general semiconductor detectors perform better in
cooler conditions, and in this regard a groundwater borehole environment provides some
welcomed cooling. However future research will characterise the detector performance as
the external temperature varies and the internal temperature rises after prolonged operation.
This could be stabilised by mounting the CdTe panel on a heat sync and pairing it with an
internal temperature sensor. By monitoring the internal and external temperature, the reverse-

bias voltage can be changed as appropriate to maintain the performance of the detector.

One of the unexplored aspects of this detector is the physical deployment of the detector in
a borehole and the transmission of the data it generates. The detector must be lowered into
the borehole by a mechanism or deployed permanently and this will depend on the needs
of the decommissioning site’s requirements. Remote transmission of data could be achieved
with wireless transmission and this would benefit site workers by reducing their time spent
on the field and exposed to radiation. Additionally, a more sustainable waterproof solution
for the detector should be explored. The difficulty is in having a material that is radiation

resistant, thin, low density yet able to resist water and does not significantly attenuate the *°Sr
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emission. Inspiration for this solution can be taken from solar cells where weather protection
is achieved by either applying thin layers of polymers or glass which is sufficiently thin such

that it is flexible and resilient.

The performance of the detector could be improved by increasing the surface area of the
semiconductor. This would reduce the lower detectable limit. This was demonstrated in the
thesis by the simulation of thin and flexible semiconductor detectors. Such a detector can
be flexed around a the body of the detector, but this approach reduces the volume of water
the detector is exposed to and therefore the number of beta particles entering the detector.
Alternatively, the conventional CdTe sensor can be made larger but this brings complications
in terms of the bias voltage and leakage current. It may be possible to combine two different
sensors to get a more complete measurement of the full range of radiation incident on the
detector. This could be a case of simply adding an additional CdTe detector to increase the
surface area, or the introduction of another semiconductor material with different properties
and sensitivities. In some regards, the predictive modelling technique can minimise the need
to improve detector performance as a consistent response is more important than absolute

sensitivity.

These results have demonstrated how detector simulation and linear regression can be used
to enable in-situ semiconductor detectors to estimate “°Sr , °°Y , 37Cs and 23°U activity in
groundwater. However, some shortcomings are still present. Future research will investigate
the application of different linear regression techniques can be used to improve the results
and be used to optimise the performance of the technique. Some success may be found
by incorporating different approaches to weighting to reduce the influence of outliers in the
regression. The incorporation of other techniques, such as peak finding, may help to refine

the results generated with this approach.
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B. Optimising sensor geometry of a
photodiode based detector for the
direct detection of strontium 90 in

groundwater.

Turkington, G., Gamage, K. A. A. and Graham, J. (2020) Optimising sensor geometry
of a photodiode geometry based beta detector for the direct detection of strontium 90 in
groundwater. Journal of Physics: Conference Series, 1643, 012210. (doi: 10.1088/1742-
6596/1643/1/012210)

B.1 Abstract

Strontium-90, as one of the primary beta emitting radionuclides produced during nuclear
fission, strontium-90 contaminates groundwater at nuclear decommissioning sites after leaks
and spills. Its presence in the groundwater presents a long-term site risk, and its activity must
be routinely monitored. Existing techniques see groundwater samples collected from deep
underground boreholes and sent to remote labs for analysis. These procedures are expen-
sive, time consuming and produce chemical waste, whereby eliminating the need for sample

collection and treatment, the net lifetime monitoring costs of strontium 90 can be reduced.
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In this paper authors present an optimisation of a beta detector, based on submersible pho-
todetector, which can be used in real-time, in-situ beta detection. In order to directly detect
and characterise strontium 90 in groundwater, it is essential to maximise the number of beta
particles incident on the photodiode surface and ensure that they are fully absorbed within
the sensitive region of the detector. This work has developed a Geant4 software framework
for investigating the energy deposition by beta particles on photodiode detectors. A series
of simulations have been performed to investigate radiation absorption in silicon, cadmium
telluride and gallium arsenide detectors. Variations in sensitive area and detector thickness
were modelled to determine their suitability for strontium-90 detection in groundwater. The
optimal detector geometry of gallium arsenide photodiodes was further investigated. The
simulation results and analysis suggest that the optimal detector will feature a large surface

area, at least 1 cm?, and an intrinsic layer approximately 400 zm thick.

B.2 Introduction

Leaks of waste at nuclear decommissioning sites have resulted in the contamination of the
groundwater table as radionuclides enter the environment. Strontium 90, the principle beta
emitting radionuclide found at decommissioning sites, has a half-life of 28.8 years and de-
cays at 0.546 MeV. s daughter, Yttrium 90, decays at 2.278 MeV with a significantly shorter
half-life of 64 hours [32]. Nuclear sites must plan the routine monitoring of *’Sr for decades
and current techniques are time consuming, produce secondary waste and are expensive.
Currently groundwater samples are taken from underground boreholes and analysis is per-
formed in off-site laboratories. Samples are radiochemically treated, and activity is measured
by liquid scintillation, Cherenkov or proportional gas counting methods [49]. By detecting
radiation directly and in situ, the need for sample collection can be eliminated which may

reduce the worker dose and lifetime monitoring costs [18]. This paper proposes the optimal
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physical characteristics for a photodiode detector for in situ *°Sr measurement in groundwa-

ter.

Photodiodes have been used to detect ionising radiation. Photodiodes are semiconductor
materials produce a current pulse in response to ionising radiation when operating under a
reverse bias voltage. Incident radiation separates electron-hole pairs within the intrinsic re-
gion, producing a current pulse in proportion to the energy deposited by the incident particle.
Photodiodes are comprised of multiple layers, as positively, p, and negatively, n, doped lay-
ers are brought together, charge separates and an intrinsic, i, layer is created. The intrinsic
layer is the sensitive region and responsible for charge generation as ionising radiation is ab-
sorbed within the detector. The intrinsic layer can be formed by placing a layer of undoped
semiconductor between p and n regions, forming a p-i-n junction, or the deposition of metal

contacts onto the semiconductor material, forming an ohmic or Schottky diode.

Many different semiconductor materials can be used to fabricated photodiodes. Each mate-
rial has unique properties and therefore the most appropriate one for each application must
be considered. Silicon is the most widely available and used semiconductor. Its low atomic
number, 14, and narrow bandgap, 1.17 eV, mean that silicon detectors are often cooled to
minimise thermal noise [25]. GaAs has a higher atomic number, 32, and a bandgap of 1.42
eV which makes it viable at room temperature [78]. In recent years, GaAs photodiodes
have been developed as gamma and X-ray detectors[91, 93, 79, 84, 87]. CdTe has an even
higher atomic number, 50, than GaAs, and an even wider bandgap, 1.5 eV. CdTe may be a
more effective absorber of ionising radiation with low nosie operation at room temperature

[94, 95, 96].
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B.3 Monte Carlo simulations

This research consists of Monte Carlo simulations aimed at finding the most effective semi-
conductor material for absorbing beta radiation released during *°Sr decay. The goal is to
develop a novel detector which is deployed into contaminated groundwater directly. The ra-
tio between the number of particles which deposit energy in the detector and the number of
particles emitted should be amplified through detector design. In this case the detector must
be capable of fully absorbing the beta particles released during *°Sr decay, up to 0.546 MeV,
and °Y decay, up to 2.278 MeV. If the detector is too thin it will fail to register a signifi-
cant portion of the particles incident on its surface and will be inefficient at determining the
activity of the source of radiation. Simulations are carried out with Geant4, a Monte Carlo

simulation code written in C++.
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Figure B.1: A comparison of 0.546 MeV beta particle absorption in GaAs (squares), CdTe
(circles), and Si (diamonds) detectors of varying thickness. Errors are plotted, but not visible
due to marker size.

How effectively detectors will absorbed radiation will be determined in part by their thick-
ness. Detectors of varying thickness were modelled with 100 mm? surface areas. A beam

of 1 x 107 0.546 MeV electrons was fired into the centre of the detector and the energy de-
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position of each particle was recorded. Silicon detectors fully absorbed fewer particles than
GaAs and CdTe when the material was thinner, due to its lower atomic number and only
began to absorb particles at a thickness above 200 um. The GaAs detector absorbed fewer
particles than CdTe until the thickness reached 300 pm. As the detectors became thicker
the increase in particles absorbed in GaAs and CdTe detectors plateaued while Si detectors
began to absorb more and more radiation. This is a consequence of differing levels of elec-
tron backscattering in each material. As backscattering is less prevalent in Si, it is able to

completely absorb a greater proportional of particles when the thickness is sufficient.

A more realistic groundwater borehole scenario was modelled to consider the real world
application of such a detector. This was achieved by modelling a 5 cm diameter and 2.5
cm deep cylinder of groundwater, and its contamination with 10 x 107 isotropic decaying
98r ions and ignored the resulting °°Y . The surface area of the detectors was increased
from 1 mm? to 100 mm? while the thickness was held constant at 400 ym . Figure B.2
displays the results. Only 162 hits were recorded in a detector with a 1 mm? surface area,
and the maximum energy deposited in the detector with at least 5 counts was 0.103 MeV.
As the surface area increased to 100 mm? detector counted a total of 13015 particles. As the
radiation is emitted from random positions and in random directions, most of the particles

will never reach the detector or are attenuated before they reach the sensor.
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Figure B.2: 9Sr spectra observed in 400 um thick GaAs detectors with increasing surface
surface areas.

B.4 Conclusion

A detector for the direct detection of *°Sr in groundwater must maximise the number of par-
ticles incident on and fully absorbed within the detector. This paper has developed a Geant4
simulation code for examining the thickness, surface area and materials which can maximise
the absorption of *°Sr and *°Y decay in a photodiode detector. The complete absorption of
0.546 MeV beta particles plateaus for CdTe for approximately 300 pm thick devices with
50.6 % of particles completely absorbed. GaAs completely absorbs a maximum of 58.9 %
particles after 400 pm of material. GaAs performs better as an absorber for particles as the
effect of backscattering is reduced compared to CdTe. However, CdTe detected more parti-
cles at higher energies, 2.28 MeV, where a minimum of 400 pm thick devices was required
with 1 mm thick devices offering the greatest absorption. A wide area diode is required
to sufficiently capture the fully range of radiation released from *°Sr decay in groundwater.
Simulations which modelled a groundwater borehole scenario determined that a 100 mm?
surface area detector had the greatest detection efficiency. The spectra from 10® decaying

98r ions, and the resulting *°Y daughters, in 1 mm thick and 100 mm? CdTe and GaAs de-
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tectors were compared. Each material offered the similar detection efficiency, but the shape
of the spectra collected varied slightly. While CdTe offered marginally better absorption in
the energy range from 1.725 - 2.3 MeV, the backscattering which resulted upon contact with
lower energy particles produced a larger peak at low energies compared to that observed in

the GaAs detector.
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