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ABSTRACT

Nuclear imaging has a wide range of applications in both medicine and in industry, such as

diagnostic imaging in the former. The emerging field of theragnostics aims to use the two

halves of nuclear medicine (therapy and diagnostic imaging) to tailor cancer treatments to

each specific case. For optimal theragnostic treatment different isotopes of the same element

should be used for the diagnostic imaging and therapy. A good candidate is terbium which

has four medically-promising isotopes 149Tb and 161Tb for cancer therapy, and 152Tb and
155Tb for PET and SPECT nuclear imaging, respectively. The work discussed here looks at

the production of the nuclear imaging isotopes 152Tb and 155Tb from α beams on Eu targets.

To develop this new α+Eu production route, cross-sections of relevant nuclear reactions are

needed. No previous nuclear reaction cross-sections for α+Eu have been measured for the

production of these medical Tb isotopes. Therefore, the cross-section for the production of
152Tb and 155Tb and the contaminant Tb isotopes and isomers 151Tb, 152Tbm1, 153Tb, 154Tb,
154Tbm1, 154Tbm2 and 156Tb from the α+Eu reactions were measured and are reported in

this work. To enable this study, a method of measuring nuclear reaction cross-sections at

the Birmingham Cyclotron Facility was developed and the details of each step are given in

this thesis. In the process of measuring the cross-sections for each Tb isotope and isomeric

state, new more precise half-life values for PET 152Tb and SPECT 155Tb isotopes were also

measured. These are 17.07(7) hours and 5.25(1) days, respectively. Updated half-life values

for the contaminant isotopes and isomeric states: 152Tbm1, 153Tb, 154Tbm1 and 154Tbm2 were

also measured, and found to be 4.22(2) minutes, 2.291(6) days 9.43(4) hours and 23.58(15)

hours, respectively. Details on how these quantities were obtained, along with a comparison

to previous half-life measurements are also discussed. Cross-section calculations using the
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reaction code TALYS are also presented and compared to the experimental data.

Nuclear imaging can be performed using PET tracers and scanners. Although commonly

used for medical applications, the work discussed in the latter part of this thesis details

the development of novel techniques of using a former medical GE Discovery ST PET/CT

scanner to explore the breadth of information that can be extracted from PET images taken

of industrial machinery. Industrial PET imaging could provide alternative gas and liquid

flow information in machinery that would not be obtainable using solid tracers in PEPT (a

method of nuclear imaging which is currently used for industrial applications). Measuring

the flow of gases and studying chemical reactions inside devices such as carbon absorbers

and catalytic converters would be a desirable goal for industrial PET imaging, however,

preliminary investigations were needed to develop the imaging techniques and analysis re-

quired. The first steps toward this goal were developed and are discussed in this work. Both

qualitative and quantitative information about fluid flow through pipes with CALGAVIN

inserts were measured. The final results included extracting dimensional information about

the fluid flow and developing a technique using the voxel intensity data to measure residence

time.
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Tb or not Tb?
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Chapter One

Introduction

The number of cancer patients is growing year on year. In the UK, between 2015 and 2017,

there were on average 1,000 new cases each day and between 2014 and 2035 the incident

rate is expected to rise by 2% [1]. Therefore, the endeavour to find new and improve cancer

treatments is an important and ever growing area of research.

Nuclear physics plays a large role in current methods of treatment. Over 27% of cancers are

treated with various forms of external radio therapy [2]. In smaller use, but growing in inter-

est [3], is the area of nuclear medicine, in which radionuclei are injected into the body and

the radiation they emit is used for diagnostic imaging or cancer therapy. Nuclear medicine is

more commonly used in diagnostics imaging, with hospitals utilising both PET-CT (Positron

Emission Tomography combined with Computed Tomography) and SPECT-CT (Single Pho-

ton Emission Computed Tomography combined with Computed Tomography) for a variety

of investigative and diagnostic work. For many years, nuclear medicine has also provided

effective, niche internal ratiotherapy treatments such as thyroid cancer treatment using 131I

[3].

However, nuclear medicine could offer much more [4]. It’s unique position to perform both

diagnostic imaging and therapy could be used to personalise a patient’s cancer treatment. In
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the last two decades, the field has been looking to new, alternative radioisotopes to improve

and expand the number of treatments. To enable this future, it is vital to be able to produce

new medically useful isotopes using methods which are easily accessible to hospitals both

physically and financially. The work covered in this thesis describes the initial investigations

into the production of medically interesting terbium (Tb) isotopes using light ion cyclotrons,

specifically using the MC40 cyclotron at Birmingham.

For production of isotopes to be understood and optimised, the cross-section of interaction

(the likelihood of producing a product isotope given the initial reactant conditions) must be

measured. A possible route for Tb production is to irradiate europium (Eu) with helium-4

(α) beams. Previously, only a small range of these cross-sections have been measured [5]

and thus a more comprehensive measurement was needed. By using natural Eu targets and

α-beams, the cross-section measurements for the production of Tb isotopes were carried out.

Cross-section measurements of this type have never been performed at the MC40 facility

and the work discussed here will detail how these measurements were carried out and the

consequences of the final results for the future of medical Tb production.

One of the tools of nuclear medicine is Positron Emission Tomography (PET) imaging. This

not only has applications in nuclear medicine but could also add to industry as an investiga-

tive tool. The Positron Imaging Centre (PIC) at the University of Birmingham has a long

history of performing Positron Emission Particle Tracking (PEPT) imaging to investigate

the inner workings of industrial machinery. In its simplest terms, PEPT uses a single (some-

times multiple) indivisible particles which emits positrons. This(these) particle(s) is(are)

tracked around machines to look at the distribution and flow of the content.

The PIC obtained a GE Discovery ST PET/CT scanner from the Queen Elisabeth hospital,

Birmingham. PET imaging offers the ability to image continuous distribution of radioactive

fluids and gases instead of discrete particles used in PEPT. This difference in information
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acquired could have impactful implications in industry. Therefore, the latter part of this

thesis (chapters 7, 8 and 9) will look at work to investigate PET as an additional tool to

PEPT in industrial imaging and the potential future for PET imaging in this area.

1.1 Uses of radioactive isotopes in medicine

1.1.1 Different types of decay and their uses in nuclear medicine

Unstable isotopes decay in order to reach stability. The means by which this happens depends

on the nucleon balance of the nucleus. For the interest of this thesis, the four main roots

of nuclear decay are as follows: neutron rich isotopes decay emitting a beta (β) particle

(and anti-neutrino) whereas proton rich nuclei decay by electron capture (ϵ or ec) or emit a

positron (β+) (and neutrino), or the nucleus will emit an alpha (α) particle. Excess nuclear

energy is also released via the emission of γ photons with energies specific to the nucleus.

These four types of decay have specific applications in nuclear medicine either for cancer

treatment (therapy) or for diagnostic imaging. Isotopes emitting α and β particles are used

in cancer therapy to cause double and single strand breaks to the DNA in order to kill the

cancerous cells. Diagnostic imaging is a functional imaging tool and has a wide range of

applications including the imaging of cancer cells and their metabolism but also in other

areas of medicine, for example, looking at brain function or hypothyroidism. β+emitters are

used to produce PET images and γ emitting radionuclei are used to perform Single Photon

Emission Computed Tomography (SPECT) imaging.

For a radioisotope to reach a desired location within the body or track a specific biological

function, the isotopes are attached to biological targeting agents. Figure 1.1 depicts a few

examples of different targeting agents. For instance, 18F (a PET isotope) can be attached
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to a glucose analogous, FDG (see figure 1.1 a). This can be used to track metabolism

within the body. Areas of relatively high metabolism such as when the brain is active or

where tumours are growing would use more glucose and thus produce a “hot spot” on a PET

image. Hormones (figure 1.1 b) are a more specific targeting agent, however, highly specific

and selective forms of biological targeting agents are proteins (peptides). Peptides are more

commonly used for cancer therapy and imaging. A protein that is specific to the cancerous

cells and is only expressed within or on the cancer cells is selected. A complementary

targeting peptide can be produced which will solely attach to that cancer protein. An

appropriate radioactive nuclide is then attached to this very specific peptide using a chelator

(linker molecule) as shown in figure 1.1 c.

Figure 1.1: Three examples of biological targeting agents: (a) a glucose anal-
ogous, FDG (Fludeoxyglucose); (b) a hormonal vector with a 18F
attached; and (c) an example peptide molecule.

1.1.2 Selecting appropriate medical nuclei

Choosing the appropriate biological targeting agent to attach the radionuclide to is crucial

to ensure the nuclide is taken to the desired location within the body and accurately achieve

the goal of the therapy or imaging. It is equally important to select a radionuclide which

optimises the imaging or treatment being performed. As well as knowing the type of decay

the radionuclide undergoes and the likelihood (or branching ratio) of this type of decay
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occurring, it is important to use isotopes whose radiation is emitted in a useful energy

range. For example, SPECT imaging works best with isotopes that emit prominent γ’s with

energy around 100 keV to ensure optimal SPECT detector efficiency. For PET imaging,

isotopes should emit positrons with energies usually less the 2 MeV [6] to ensure the average

stopping distance of the positron before annihilation is less than or comparable to the spatial

resolution of the PET scanner. If the positron range in the object (or patient) being imaged

it too large then this will cause excessive blurring of the final PET images produced. For

therapy isotopes, the energy of the β particle emitted will affect the range for which the

isotopes will inflict damage within the patient, if this is too large then surrounding (non-

cancerous tissues) will receive an unintended dose. Whereas, if the α particle energy is

too large the nuclear recoil may cause the daughter nucleus to detach from the biological

targeting agent. Moreover, if the daughter nuclear undergoes multiple α decays this could

cause large unwanted damage to healthy tissues as the emitting nuclide is no longer attached

to the biological targeting agent which keeps it next to the cancerous cells.

It is also important to select isotopes with appropriate half-lives. The half-life must be long

enough for the isotope to be extracted from the production target, attached to the biological

targeting agent, undergo quality and control checks and be administered to the patient with

enough remaining activity to perform either therapy or diagnostic imaging. However, the

half-life should not be too long else the patient and their surroundings will receive unnecessary

and prolonged irradiation. Ideal medical isotopes possess half-lives which range from hours

to days. Because of these short half-lives, production of these isotope should be ideally made

at a local or on hospital site cyclotron or by milking longer lived isotope generators (e.g.

99Mo generators produce the commonly used SPECT isotope 99mTc [7][8]).

It is also ideal to match the radionuclide half-life to the biological half-life of the targeting

agent. For example, glucose is processed fairly quickly (a biological half-life of 16-20 minutes

[9]) and thus the radionuclide half-life does not need to be particularly long (18F used in FDG
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has a half-life of 110 minutes). However, the biological half-life of proteins can be on the

order of hours to days and thus a radionuclide of similar half-life would be ideal. This will

allow the activity of the isotope to be high enough for when it reaches the point of interest

in the body and will remain high to perform its function while at the point of interest.

Four isotopes of terbium have been found to fit these medical parameters: 149Tb, 152Tb, 155Tb

and 161Tb. Not only this, but they have caused great excitement for future “theragnostic”

cancer treatments. The next section will explain the term “theragnostics” and its medical

application as well as demonstrate the significance of terbium and current medical studies

which provide evidence for the future potential of these four isotopes.

1.2 Theragnostics

1.2.1 Aims of theragnostics

Improvements to cancer treatments have drastically improved the prospects of patient re-

covery and now, with people living longer, the likelihood of patients developing latent cancer

from previous radiation treatment is growing. Therefore, there has been a movement within

nuclear medicine to improve and develop treatment techniques that monitor and more ac-

curately measure the dose to patients.

Theragnostics combines the two halves of nuclear medicine - therapy and diagnostic imaging

- and aims to customise nuclear medicine cancer treatment. This treatment technique is

designed to be cancer specific and thus radioactive nuclides are attached to protein biological

targeting agents. The diagnostic imaging is used to monitor the cancer therapy so the

treatment can be adjusted to ensure as low as possible dose is given to the patient while

maintaining an effective treatment. Also if the therapy and diagnostic imaging isotopes share

6



Introduction

similar length half-lives then more accurate dosimetry measurements of the patient can be

calculated.

Unfortunately, at the moment separate elements are currently used for theragnostic treat-

ment (see section 1.2.2). As well as being chemically different which may affect biological

uptake in the body, the radiochemistry require to attach the radionuclide to the biological

targeting agent may also differ. All these slight chemical differences between the tracer in-

jected for therapy and tracer injected for imaging may affect how the therapy isotope and

imaging isotope are distributed within the body and thus adds uncertainty when assuming

that the imaging information is an accurate representation of the therapy distribution. To

overcome this problem investigations over the last decade have been dedicated to identifying

and producing elements which have more than one isotope with the desired properties for

medical use. This is further discussed in section 1.2.3.

1.2.2 Current isotopes used in theragnostic treatments

For current theragnostic treatment, commonly 68Ga is used for the diagnostic PET imaging.

This can be paired with a relatively new β-therapy isotope, 177Lu, which has a half-life more

suitable for the protein targeting agent used (6.64 days). Numerous studies have proven

the effectiveness of 177Lu as a tool for prostate cancer metastasis treatment while causing

minimal side effects to the patient [10]. Figure 1.2 [11] shows an example of such studies

where the prostate cancer progression can be visually seen using the 68Ga PET images where

the size of tumours decrease over the 177Lu treatment.

However, in some cases this type of therapy is not enough, either the cancer becomes resistant

to the treatment (figure 1.3) or was never affected by the treatment in the first place (figure

1.4). More recently, a powerful α-therapy option in the form of 225Ac (half-life of 10 days)
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Figure 1.2: Baseline (a) and follow-up (b after 2 cycles; c after 4 cycles; d after
6 cycles) [68Ga]Ga-PSMA PET/CT of a patient with mCRPC, who
was treated with 6.0GBq [177Lu]Lu-PSMA-617 (Novartis, Basel,
Switserland). Prostate-specific antigen (PSA) response was as fol-
lows: 100ng/ml (baseline), 190ng/ml (after 2 cycles), 52ng/ml (after
4 cycles) and 19ng/ml (after 6 cycles) [11].

is in trial testing with prostate cancer patients and has proven to be a more potent therapy

option as shown in figures 1.3 and 1.4 where the patients are also being monitored with 68Ga

PET imaging. This visual confirmation of the effectiveness of the 177Lu and 225Ac treatments

are correlated with the prostate-specific antigen (PSA) values of the patients, which is used

as a prostate cancer indicator.

Both of these α- and β- therapy options have proven to be valuable tools in treating cancer.

However, to further theragnostics, the same element for therapy and imaging (a theragnostics

pair) is required to access the full potential of using the images to monitor and quantify dose

to the patient and tumour uptake.
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Figure 1.3: 68Ga PET images of a patient’s treatment progression using 177Lu and
then 225Ac [12]. After this initial set of 177Lu-PSMA treatment the
tumours reduce in size and number. However, after an additional
set of 177Lu-PSMA treatment the remaining tumours had become
resistant to the 177Lu-PSMA treatment and continue to grow. This
reduction and resurgence of tumours was reflected by the PSA values
of the patient. The patient then received a set of 225Ac-PSMA doses
which dramatically reduced the number and size of the tumours and
drastically reduced the PSA value. The last set of images were taken
after the patient no longer received additional therapy doses and the
remaining cancer left after the 225Ac-PSMA treatment continued to
grow.

Figure 1.4: 68Ga-PSMA-11 PET/CT scans of patient B. In comparison to ini-
tial tumour spread (A), restaging after 2 cycles of β-emitting 177Lu-
PSMA-617 presented progression (B). In contrast, restaging after
second (C) and third (D) cycles of α -emitting 225Ac-PSMA-617 pre-
sented impressive response. [13]
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1.2.3 Potential theragnostic elements

A paper promoting potential theragnostic elements was published in 2017 [14]. It discussed

four elements of interest - scandium, copper, arsenic and terbium – and the type of cyclotron

or reactor facilities needed to produce them. Table 1.1 shows the properties and uses for

each isotope.

Table 1.1: Potential future theragnostic isotopes [14], their half-lives, decay
modes and medical applications. The values for half-life and decay mode branch-
ing ratios were taken from NNDC [15] and the error on half-life is given in
brackets.

Element Isotope Half-life Decay mode Medical application

Sc
43 3.891 (12) h ec/β+ 100 % PET
44 3.97 (4) h ec/β+ 100 % PET/3y
47 3.3492 (6) h β− 100 % β−-therapy

Cu
61 3.336 (10) h ec/β+ 100 % PET

64 12.701 (2) h ec/β+ 61.8 %
β− 38.5 %

PET/
β−-therapy

67 61.83 (12) h β− 100 % β−-therapy/SPECT

As 72 26.0 (1) h ec/β+ 100 % PET
76 26.24 (9) h β− 100 % β−-therapy

Tb

149 4.118 (25) h α 16.7 %
ec/β+ 83.3 %

α-therapy/
PET

152 17.5 (1) h ec/β+ 100 % PET
155 5.32 (6) d ec 100% SPECT
161 6.89 (2) d β− 100 % β−-therapy

Terbium is of particular interest because it has a quadruplet of isotopes which can be used in

the four different types of nuclear medicine. It provides not only a β therapy option (161Tb)

but compared to the other suggested elements, terbium uniquely provides a potential α

therapy option (149Tb). An additional, favourable, property of 149Tb is that it does not

produce any α -emitting daughter nuclei. As mentioned previously, α emitting daughters

can increase the dose to healthy cells, increasing patient toxicity [16]. Moreover, terbium

exists in two theragnostic pairs (149Tb is paired with 152Tb (a PET isotope) and 161Tb is

paired with 155Tb (a SPECT isotope)) where the half-life of the diagnostic imaging isotope
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is comparable to the corresponding therapy isotope. Moreover, the SPECT (155Tb) and

β therapy pair have similar half-lives to the peptide targeting agents used (on the order

of days). This will be discussed further in the next section along with preclinical studies

proving the medical importance of these four terbium isotopes.

1.2.4 Terbium as a theragnostic element

Papers detailing studies of these four terbium isotopes’ production and medical use go back as

far as the early 2000’s [17, 18, 19, 20, 21, 22, 23, 24]. However, a more recent series of papers

published by Müller and her group at the Centre for Radiopharmaceutical Sciences ETH-

PSI-USZ between 2012 and 2016 clearly demonstrate the medical potential of each isotope.

In all of these studies, the isotopes 149Tb, 152Tb and 155Tb were produced and extracted by

the Isotope Separator On Line DEtector (ISOLDE) group, CERN and the 161Tb isotope was

produced via exposing enriched 160Gd to a neutron flux outside a reactor at the Institute

Laue-Langevin (ILL), France or a spallation-induced neutron source, SINQ at Paul Scherrer

Institute (PSI), Switzerland and extracted using cation exchange chromatography [19].

The therapeutic properties of the α and β isotopes, 149Tb and 161Tb were investigated in

mice with specifically grown tumours [25]. The survival curves of three mice for the 149Tb

and five mice for the 161Tb experiments are compared in figure 1.5 against control sets of

untreated mice. Unfortunately, the total activity of the 149Tb available for this study in mice

was lower than desired. However, even with this, there is a clear increase in mice survival

for both the α- and β- therapy.

The imaging power of three of the Tb isotopes were also investigated, as shown in figure 1.6

[25]. Interestingly at therapeutic doses 161Tb produced good quality SPECT images which is

beneficial to monitor isotope distribution and compare to 155Tb SPECT images. Importantly
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Figure 1.5: Survival curves of α-therapy and β-therapy studies. (a) α-therapy:
Group a were the untreated control mice (n = 3) and Group b were
mice treated with 149Tb-cm09 (n = 3); (b) β-therapy: Group c were
the untreated control mice (n = 5) and Group d were mice treated
with 161Tb-cm09 (n = 5). [25] (The cm09 was the targeting agent
attached to the isotopes used in the treatment).

155Tb produced very high quality SPECT image with only a small amount of activity.

A detailed investigation into the quality and potential of the SPECT 155Tb isotope was

carried out [26]. Part of the study compares 155Tb to a currently used SPECT isotope, 111In.

As shown in in figure 1.7, 2.6 MBq of 155Tb produced an excellent quality image of a Derenzo

phantom. This image was comparable to that taken with almost double the activity of 111In

(4 MBq). The quality of the images produced and the half-life of 155Tb (5.32 days) not only

proved the suitability of the isotope as the complementary imaging isotopes for 161Tb but

with a reduced required activity for imaging it could also replace 111In and be paired with

other therapy isotopes including 177Lu, 90Y and 166Ho.

Figure 1.8 was taken as part of a study investigating 152Tb [27]. This work not only high-

lighted the good quality of the 152Tb PET images, as seen in figure 1.8, but also the need

for more regular and higher activity production of 152Tb to further preclinical studies.

The therapeutic isotope 161Tb has very similar properties to currently used 177Lu, see ta-
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Figure 1.6: (A) PET image of Derenzo phantoms ( 1.9 MBq of 152Tb). (B and C)
SPECT images of Derenzo phantoms ( 0.6 MBq of 155Tb and 50 MBq
of 161Tb, respectively). (D) PET/CT image of KB tumour–bearing
mouse at 24 h after injection of 152Tb-cm09, (E and F) SPECT/CT
images of KB tumour–bearing mice at 24 h after injection of 155Tb-
cm09 (E) and 161Tb-cm09 (F). K = kidney; T = tumour. [25](The
cm09 was the targeting agent attached to the isotopes used in the
imaging tumours in the mice).

ble 1.2. This has sparked studies comparing the effectiveness of the two isotopes [28, 29].

It is believed that because 161Tb emits additional Auger electrons, this will increase the

therapeutic power of the isotope.

Figure 1.9, taken from [28] compared Lu and Tb β-therapy in two different types of cancer

tumours, KB tumours and IGROV-1 tumours. There was a clear increase in survival in KB
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Figure 1.7: SPECT images of Derenzo phantoms filled with (A) 155Tb (2.6 MBq)
and (B) 111In (4 MBq) [26].

Table 1.2: Comparison of 177Lu and 161Tb properties

177Lu 161Tb
Half-life (days) 6.71 6.90

Average β energy (keV) 134 154

tumour-bearing mice when treated with Tb compared to Lu. However, there was only a

marginal increase in survival for the IGROV-1 tumour-bearing mice (one mouse which may

be statistical fluctuation). But an important point to note was that, for both tumours types,

the Tb therapy reduced the size of the tumours more than the Lu treatment.

These and other studies are proving that 161Tb may be a better treatment for certain cancers.

In addition, the production and waste of 161Tb compared to 177Lu is much cleaner [30]. This

is because the production processes for 177Lu can also produce small quantities of 177Lu in

a metastable state which has a 160.44 day half-life. As these are the same isotope is makes

separation impossible. 161Tb does not exist in another isomeric form, thus does not suffer

from these production and purification problems.
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Figure 1.8: PET/CT of a tumour-bearing mouse 2 hours after being injected
with 3.4MBq of 152Tb -DOTANOC. The tumour (Tu), kidneys (Ki)
and Bladder (Bl) are clearly visible [27]. (The DOTANOC was the
targeting agent attached to the isotopes used in the PET imaging).

There is clear compelling medical evidence that this terbium theragnostic quadruplet has

great potential for future medical use in customisable cancer treatments. The main drawback

is the production, accessibility, and availability, in particular for the neutron-light isotopes

(149Tb, 152Tb and 155Tb). Current production of these isotopes is discussed in the next

section and this thesis focuses on alternative production methods.

15



Introduction

Figure 1.9: Tumour growth curves indicated as the relative tumour volumes
(RTV) of KB tumour-bearing mice (a) and IGROV-1 tumour-
bearing mice (b). Survival curves of KB tumour-bearing mice (c)
and IGROV-1 tumour-bearing mice (d). Control mice (Group A) are
shown in blue, mice treated with 161Tb-cm09 (Group B) are shown
in green and mice treated with 177Lu-cm09 (Group C) are shown in
red [28]. (The cm09 was the targeting agent attached to the isotopes
used in the treatments).

1.3 Neutron light Tb production

1.3.1 Current production at CERN

As mentioned in the previous section 161Tb is the only isotope of interest here not produced at

CERN and is made via exposing a 160Gd rich source to a high neutron flux [19]. Currently the

other three isotopes (149Tb, 152Tb and 155Tb) are produced exclusively at ISOLDE, CERN.

ISOLDE is a facility at CERN which produces different isotopes for various fundamental

physics and materials experiments. A 1.4 GeV proton beam strikes a target, which results
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Figure 1.10: The MEDICS targets set-up behind the ISOLDE target [14].

in spallation reactions. This beam-line is connected to an on-line mass separator [14] which

isolates the isotope of interest according to its mass. Unfortunately, there was limited beam

time for the production of radioisotopes for medical use and research. However, the group

Medical Isotopes Collected from ISOLDE (MEDICIS), founded in 2017 [31], hoped to resolve

this beam time limitation by adding a secondary (tantalum) target behind the original

ISOLDE target, see figure 1.10. This solution was deemed viable because 85% of the 1.4 GeV

beam of protons pass straight through the ISOLDE target and can be used on the MEDICIS

target.

Once a tantalum target has been irradiated and undergone proton induced spallation re-

actions [25], a multitude of isotopes are produced. The required isotopes are extracted by

electromagnetic separation using an on-line mass spectrometer followed by chemical purifica-

tion [32]. However, since autumn 2017 CERN has been on maintenance shut down, so there

has been no proton beam. To overcome this, targets are irradiated at the 70 MeV cyclotron,
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Table 1.3: ARRONAX C70 characteristics [33].

Beam Extracted
particles

Energy range
(MeV)

Maximum
current (µAe) Duel beam

Proton H + 35 <375 Yes
H ++ 35 <50 No

Deuteron D + 15-35 <50 Yes
Alpha He ++ 70 <70 No

ARRONAX, Nantes, France, whose beam characteristics are given in table 1.3. The targets

irradiated at ARRONAX are then shipped to MEDICIS to be separated.

1.3.2 Alternative production studies

The requirement for high energy proton-induced spallation reactions followed by electromag-

netic separation for the production and extraction of the light-ion terbium reduces production

possibilities to the CERN facility and hinders the element’s future potential for world-wide

hospital use. In 2012 and 2014 there was a push to look at using commercially available cy-

clotrons for production. The aim was to use stable isotope targets and irradiate them with

light ions beams of protons (p), deuterons (d), helium-3 (3He) or helium-4 (α ) to produce

the useful Tb isotopes.

Figure 1.11 depicts a small section of the nuclear chart which enables the reactions possible

from stable isotopes (the black squares) near the desired Tb isotopes (highlighted in red) to

be pictured. The information for each isotope is simplified to show the ground state, half-life

and mode of decay or their natural abundance if the isotopes is stable. In order to know the

likelihood of a selected reaction occurring given the energy of the beam, the cross-section of

the reaction needs to be known. There are multiple nuclear reaction codes (e.g. TALYS [34],

ALICE/ASH [35] and EMPIRE [36]) that will calculate cross-sections from nuclear theory,

however, these must be verified by directly measuring the cross-sections.
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Figure 1.11: A small section of the nuclear chart highlighting the medical Tb
isotopes in red [15].

Figure 1.12: A small section of the nuclear chart depicting the reaction out-
lined in [37] 152Gd(p,n)152Tb in red, 155Gd(p,n)155Tb in blue and
155Gd(p,4n)152Tb in purple.

Initial research looked at production using commercial cyclotrons capable of producing 70

MeV protons. In 2012 151,152,153,154m,155and156Tb production cross-sections using natGd and

protons were published [37]. The energy range of the protons covered 5.64 – 66.98 MeV. The

cross-sections measured agreed with predicated cross-sections calculated using ALICE/ASH.

The reactions of interest were 152Gd(p,n)152Tb, 155Gd(p,n)155Tb and 155Gd(p,4n)152Tb and

are depicted as the red, blue and purple routes, respectively, in figure 1.12. Assuming a 100%

enriched target is used, the yields of these reactions were calculated using ALICE/ASH pre-

19



Introduction

dicted cross-section. High, clean yields of 152Gd(p,n)152Tb and 155Gd(p,n)155Tb are possible

and are highlighted in red in figures 1.13 a and b respectively. Optimal yields of 152Tb

and 155Tb with no contaminates were possible up to 12 and 11 MeV respectively. However,

the production route of 155Gd(p,4n)152Tb contained many contaminants and shown in figure

1.13 c. Thus, if clean production without the need for electromagnetic separation is possi-

ble then only the 152Gd(p,n)152Tb and 155Gd(p,n)155Tb reactions are contenders. However,

looking at the abundances of stable Gd isotopes in figure 1.11, 152Gd only accounts for 0.2%

abundance and 155Gd 14.80% abundance. Gadolinium-155 can be enriched to >99% and so

155Gd(p,n)155Tb is possible without the need for electromagnetic separation but it is unclear

whether 152Gd can be enriched enough for viable 152Tb production.

In 2014 additional cross-section measurements were published for alternative target-proton

beam reactions for 149Tb and 152Tb production [38]. Again, Gd targets were used, how-

ever, instead of natGd, enriched targets of 152Gd (30.60% enriched) and 155Gd (99.82%

enriched) were used to measure the cross-section for the reactions: 152Gd(p,4n)149Tb and

155Gd(p,4n)152Tb (red and purple routes, respectively, in figure 1.14).

This work also looked at the indirect production of 155Tb via the production of 155Dy which

then decays to 155Tb (the blue production route in figure 1.14). The excitation function

(cross-sections) for 155Dy production was measured after a proton beam irradiated a stack

of natTb targets (which is monoisotopic 159Tb). Taking all of the proton irradiation on

Gd targets together, from these cross-section measurements, excellent production yields of

149,152,155Tb are possible using a 70 MeV cyclotron. However, there is still a need for electro-

magnetic isotope separation.

As previously mentioned this is currently the case as these isotopes are being produced at

ARRONAX (70 MeV cyclotron) followed by electromagnetic separation at MEDICIS, CERN.

Recent work published by Ulli et al. [39] successfully demonstrated a method of enriching Gd
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(a)

(b)

(c)

Figure 1.13: The cross-section and production yields of (a) 152Gd(p,n)152Tb, (b)
155Gd(p,n)155Tb and (c) 155Gd(p,4n)152Tb reactions [37].
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Figure 1.14: A small section of the nuclear chart depicting the reaction out-
lined in [38] 152Gd(p,4n)149Tb in red, 155Gd(p,4n)152Tb in purple
and 159Tb(p,5n)155Dy → 155Tb in blue.

targets using electromagnetic separation. This would be useful for 152,155Tb production via

the 152Gd(p,n)152Tb and 155Gd(p,n)155Tb reactions, particularly for the 152Tb production

as discussed previously [37]. Also, an historic, 99.9% enriched, 152Gd target was used to

demonstrate that 152Tb could be produced with 12 MeV protons with medically acceptable

levels of other Tb isotope contaminants. However, due to the need of a highly enriched target

the main concern for commercial production using this route is the need for an efficient target

recycling method.

1.3.3 Eu production

A production route option which has not been investigated till now is via the use of helium

beams on europium targets. There are only two stable isotopes of Eu (151Eu and 153Eu) and

they are naturally, approximately 50/50 split abundance. Compared to Gd, it is easier to

produce >99% isotope enriched targets of europium oxide with fewer same-element, different-

isotope contaminants.
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By irradiating natEu with a 4He (α) beam the ideal reactions would be 151Eu(α,3n)152Tb

and 153Eu(α,2n)155Tb as depicted in the red and blue reaction flows in figure 1.15, respec-

tively. However, compared to proton beams, α beams introduce more nuclides to the system,

therefore a multitude of other isotopes can be produced (as there are more reaction channels

open), including isotopes of other elements up to and including Tb.

Figure 1.15: A small section of the nuclear chart depicting the reaction
151Eu(α,3n)152Tb in red, 153Eu(α,2n)155Tb in blue. The black squares
indicate naturally occurring isotopes for which the natural atom-
abundances are given as percentages. Other squares represent ra-
dioactive isotopes for which the half-life and primary decay modes
are given.

Producing isotopes of elements other than Tb is not fundamentally a problem because the

chemical difference between elements allows separation with relative ease. The work dis-

cussed in this thesis is part of a collaboration with radiochemists from the National Physical

Laboratory (NPL) who have developed a chromatography technique using a commercial LN

resin for lanthanide separation [40].

An irradiated target containing Eu, Gd and Tb is oxidised, mixed with the LN resin and

placed in a chromatography extraction column. By pouring different concentrations of nitric

acid (HNO3) at different rates through the column (see figure 1.16) clean Tb separation can

be achieved as shown by the black curve in figure 1.17. The success of this technique means
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that the focus of production using Eu targets and α beams is now on the type and quantity

of Tb isotopes produced in the interactions as other contaminant elements can be separated

from the irradiated target.

Figure 1.16: Photograph and diagram of chromatography column set-up [40].

As previously discussed, for ideal mass production for hospital use the process should not

be reliant on electromagnetic separation of Tb isotopes from one another. Therefore, for

Eu production to be a viable route there needs to be an α energy window where only

a single terbium isotope of interest is produced. To quantify the other Tb contaminant

isotopes produced and the production rate of the 152Tb and 155Tb , the cross-sections of

natEu(α,xn)nat+α−xnTb reactions need to be known.

Following the footsteps of previous investigations using Gd and Tb targets, the cross-section

of the Eu and α beam will be measured. Until now, there has only been one measurement

of this type which covered an α energy range of 12.59–16.00 MeV and only measured the

cross-section of the 151Eu(α,γ)155Tb reaction and 151Eu(α,n)154Tb [5]. Therefore, the re-

search endeavour of this PhD was to measure cross-sections for the full range of Tb isotopes

produced when irradiating natEu with an α beam. From this the viability of this production

route can be determined.

24



Introduction

Figure 1.17: Graph of the lanthanide separation capable using the chromatogra-
phy technique developed by NPL [40]. Three additions of 20 ml of
nitric acid (HNO3) were gradually poured into the chromatography
extraction column. The graph is split into three section and labelled
with the concentration for nitric acid used. The total volume of ni-
tric acid added was monitored along the x-axis as the extraction
(% Recovery) of elements Eu, Gd, Tb and Dy were recorded along
the y-axis.

There were many measurements and factors that needed to be established before irradiation

of the Eu targets took place. This included the measurement of α beam energy, Eu target

thickness and method of foil stacking in the target. The method and analysis of the data

from these steps are discussed in chapter 3 along with the α beam current measurement

taken during target irradiation.

Once the Eu targets had been irradiated, the products of the reaction needed identifying

and quantifying. Chapter 4 describes the γ spectra process identifying and extracting the

activities of the isotopes produced. Then, chapter 5 discusses how the activities were used to
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plot decay curves and extract half-life and cross-sections values. The process of measuring

absolute cross-sections is intricate and prone to systematic errors. All the measurements

taken at each step in the process need to be precise and accurate to ensure reliable cross-

section measurements with reasonably sized error bars. A summary of the final cross-section

and half-life measurement results and a discussion of future plans and potential areas of

improvement are detailed in chapter 6.

However, firstly, the basic theory of nuclear reactions and cross-section measurement (both

experimental and computer simulated) need to be discussed. These are explained in chapter

2 along with an overview of the experimental method of cross-section measurement used

and derivations of the equations needed for each process in the quest for Eu+α cross-section

measurements.
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Chapter Two

Cross-section measurements

To investigate the viability of Tb production using Eu targets and α beams, the first step is to

establish the cross-sections of the possible interactions. Theoretical calculations performed

using nuclear reaction codes discussed in section 2.1 provide an approximate idea of the

excitation functions of each possible interaction. However, for medical isotope production,

accurate cross-section data are needed. Precise cross-sections are important for being able to

select optimal energy windows for high yield production and are invaluable in determining

quantities and types of contaminating isotopes. Therefore, the first step in producing medical

isotopes is to measure the cross-sections.

This chapter discusses details of both the theory of nuclear reaction as relating to cross-

section and theoretical calculations performed using TALYS, as well as the theory and outline

of experimental cross-section measurements. As previously discussed, this work was part of

a collaboration for which a chemical extraction process was produced by radiochemists at

NPL which allows for clean extraction of Tb from a lanthanide target. This implies that,

for medical Tb production with Eu targets and α beams, the isotopes that will provide

contamination in the final product are other, non-medical, isotopes of Tb. Therefore, this

research focused on measuring cross-sections for the production of Tb isotopes.
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2.1 Theoretical calculation

2.1.1 Nuclear reaction mechanisms

When a piece of matter is exposed to particles from a source, for example, a reactor, cyclotron

or even particles emitted by radioactive isotopes, it is possible for a nuclear reaction to take

place within the material. The type and likelihood of the reaction depends on the target

material and incident particle as well as the energy put into the reaction (i.e. the energy

of the incident particle if the target material is stationary). The energy must overcome the

Q-value of the reaction for it to take place. However, the type of interaction to achieve the

same product nuclei will vary with the input energy.

Commonly, a light ion projectile, p, is incident on a heavier target, T . The products of the

reaction will often consist of an altered target nucleus, U and a small ion , q, ejected from

the target nucleus. This reaction can be represented as:

p+ T → U + q.

However, this is often written in a more compact format,

T (p, q)U.

The brackets of this compact form are used to describe the reaction taking place. For

example, (p, n) reactions and (α, n) reactions where the resultant emitted projectile is the

same for both (a neutron) and the reaction was initiated by a proton or alpha particle,

respectively. There are many types of reaction that can be grouped depending on how the

projectile interacts with the target nucleus. Some of the reaction types are shown in figure
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Figure 2.1: Examples of five different types of nuclear reactions that could occur
when a deuteron consisting of a proton (red) and a neutron (blue)
strikes a 10Be target nucleus (adapted from [41]).

2.1 with examples to describe the processes. The scatter reaction shown in figure 2.1 can

occur as either an elastic or inelastic collision. The incident and product nuclei and projectile

remain the same but the product nucleus is in the ground state for elastic and in an excited

state for inelastic collision.

The nuclear reactions can also be grouped under either direct, compound or quasibound

(pre-equilibrium) reactions [42]. In essence, the categorisation of the reaction depends on

how much of the nucleus the projectile interacts with.

Direct reactions

When the projectile hits the target nucleus with energies greater than 5 MeV per nucleon

[43] (i.e. 20 MeV for an α projectile) then a direct reaction is more likely. This is where the
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projectile interacts with only one nucleon within the target nucleus. Direct reactions occur

in the shortest time frame compared to the other two reaction classifications outlined in the

subsequent sections.

Compound reactions

Often occurring at lower projectile energies, compound reactions are where the projectile is

fully absorbed within the target nucleus. The formation of this compound nucleus is brief.

The energy is distributed among the nucleons of the compound nucleus, before a smaller

projectile, q, is emitted from the compound nucleus leaving the product nucleus, U .

Due to the brief formation of the compound nucleus, compound reactions occur slower than

direct reactions. Although compound reactions occur at lower projectile energies, the pro-

jectile must have enough energy to overcome the Coulomb barrier. For α+Eu compound

reactions the energy of the α particle must be 19 MeV or greater (see appendix A for details).

Moreover, the compound nucleus has no memory of its previous state, i.e. there are multiple

reactions which can form the same compound nucleus which could then separate to a variety

of the final products. There would be no way to identify the original reactants from the

products. Figure 2.2 provides an example of this to form a 157Tb compound nucleus using

either Eu or Gd target nuclei and α or proton projectiles, respectively.

Quasibound reactions

As the name suggests, this classification of reaction is where the projectile interacts with

only a smaller selection of nucleons within the target nucleus. However, the information is

not uniformly dissipated through the nucleus as a whole.
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Figure 2.2: Examples of reactants and products that could form and be formed
from the compound nucleus, 157Tb.

The cross-section contributions for all these possible types of reactions need to be accounted

for when calculating a total cross-section for production of a specific isotope. This is too com-

plex to solve directly, thus, multiple models have been produced to calculate the likelihood

of the different interactions which will contribute to the overall cross-section. These models

are used in nuclear reaction codes such as TALYS and EMPIRE to calculate cross-sections.

2.1.2 Predicted cross-sections from nuclear reaction codes

Nuclear reactions codes like TALYS and EMPIRE use models to calculate theoretical cross-

sections. Where measured nuclear cross-section data exist, these are incorporated into the

models. More information about the models used for each code can be found in Refs. [34]

and [36].

UoB-TIP is a data extraction code that has been developed at the University of Birmingham

[44, 45] to interact with either the TALYS or EMPIRE reaction codes and use their data

outputs. Among many of its features, UoB-TIP can be used to extract csv files of total
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Figure 2.3: TALYS predicted cross-sections against α energy for the production
of Tb isotopes and isomers from α+natEu reactions. The ground
state of the isotopes are represented by g.s. and the excited meta-
stable state isomers are denoted as m1 or m2. The “effective g.s.”
is the cross-section for the ground state accounting for the decay
of meta-stable states into the ground state. Effective g.s. has been
calculated for 151Tb and 152Tb because the half-life of their isomers
are 25 seconds and 4.2 minutes, respectively. Therefore, most/all
of these isomers will have decayed away adding to the cross-section
measurement of the ground state.

cross-sections for product isotopes and isomers for a specified nuclear reaction as a function

of projectile energy.

Figure 2.3 shows the TALYS predicted cross-section for the production of Tb isotopes and

isomers from α+natEu reactions. There are very limited measured cross-section data for the

nuclear reaction codes to use to calculate the cross-sections. Therefore, only nuclear models

were used.

Looking at the TALYS predicted cross-sections for α+natEu reactions (see figure 2.3), it

would seem impossible to be able to produce either 152Tb or 155Tb without another Tb
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isotope produced in large quantities as well. When the cross-section for 155Tb is high,

the cross-section for 153Tb also follows a similar trend. Likewise, the cross-section of the

contaminant 154Tb isotope also follows a similar pattern to the medical isotope 152Tb .

A solution to this could be to produce 152Tb and 155Tb using targets of enriched 151Eu

or 153Eu, respectively. The predicted TALYS cross-sections for the separate α+151Eu and

α+153Eu reactions are presented in figures 2.4 and 2.5, respectively. These predicted cross-

sections would suggest the possibility of a relatively high yield and clean production window

for 152Tb between 33 and 37 MeV and optimally at 35 MeV. Additionally, a high yield and

very clean 155Tb production window could be achieved between 20 and 27 MeV with optimal

production at 25 MeV.

Europium exists naturally as a 47.81/52.19% mix of 151/153 isotopes. Therefore, it would

be relatively easy to produce highly enriched targets of either isotope. This is especially

significant for the production of 152Tb where previously performed methods of production

require highly enriched 152Gd which has a natural abundance of only 0.2%. Therefore, if a

high yield, low-Tb-isotope-contaminant production of medical Tb isotopes can be performed

with enriched Eu targets then this could prove to be a more suitable production avenue than

Gd targets.

However, these are only predicted cross-sections and as stated above, there are very few

experimental cross-section measurements (see the beginning of section 2.2 for more details).

There are also no relevant cross-section measurements for the production of medical Tb

isotopes from α +Eu reactions. Therefore, these predicted cross-sections need to be verified

experimentally.
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Figure 2.4: TALYS predicted cross-sections against α energy for the production
of Tb isotopes and isomers from α+151Eu reactions.

Figure 2.5: TALYS predicted cross-sections against α energy for the production
of Tb isotopes and isomers from α+153Eu reactions.
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2.2 Experimental measurement

As mentioned previously, there are limited experimental results [5] for α+Eu cross-sections.

The excitation functions for the production of 155Tb and the two isomers and ground

state of 154Tb from α beams and 151Eu targets were examined over an energy range of

11.30–17.09 MeV. The data points are compared to TALYS in figure 2.6. Looking at TALYS

cross-sections in section 2.1, it is clear that this energy range and the 151Eu(α,γ)155Tb pro-

duction route are not optimal for medical isotope production nor does this set of data pro-

vide information about 152Tb production. Therefore, cross-sections for a higher and wider

range of α energies, as well as alternative production routes, i.e. 151Eu(α,3n)152Tb and

153Eu(α,2n)155Tb, need to be measured for medical Tb isotope production.

2.2.1 Parameters required for experimental cross-section measure-

ment

If a stationary foil target with Ntarget number of nuclei per cm2 is irradiated for time, tirrad,

by a beam of particles with constant current Φ (number of beam particles per second), the

total activity (AT ) of an isotope produced (with decay constant, λ) is given by

AT = ΦNtargetσ
(
1− e−λtirrad

)
, (2.1)

where σ is the cross-section of interaction for the production of this isotope, given the beam

energy and reactants. For an α beam, Φ can be expressed as NαI where Nα is the number

of α particles per µA of beam current and I is the measured beam current in µA. Therefore,

equation 2.1 can be expressed as,

AT = NαINtargetσ
(
1− e−λtirrad

)
, (2.2)
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Figure 2.6: The measured cross-sections of α+151Eu reactions against α energy
in MeV. The blue data points are the measured 151Eu(α, γ)155Tb
reaction cross-sections and varying shades of green data points are
the measured 151Eu(α, n)154Tb reaction cross-sections. The triangle
points are the measurement of 154Tb ground state (g.s) production;
the square data points are for the 154Tb first excited state (m1) pro-
duction; and the circular data points are for the 154Tb second excited
state (m2) production. The data points were taken over and α energy
range of 11.30 – 17.09 MeV and are published in Ref [5]. The TALYS
predicted cross-section given by the four different lines (see key for
more details) are compared to these measured values. Although the
order in which the isotopes and isomers are most likely to be pro-
duced follows the same pattern, in many cases, the measured values
are wildly different to the predicted ones. This highlights the need
to measure the cross-sections rather than using TALYS predictions
at face value.

for which a derivation can be found in appendix B. For longer lived nuclides, the activity

of the isotope produced is limited by the irradiation time and the beam current. However,

the activity of shorter lived isotopes plateaus during the irradiation and is, therefore, only

limited by the current. In such cases, increasing the production time will not increase the
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total short-lived isotopes production. Equation 2.2 can be rearranged to give

σ =
AT

NαINtarget (1− e−λtirrad)
. (2.3)

This equation provides the framework of parameters that need to be measured in order to

calculate cross-sections. The decay constant, λ = ln 2
T1/2

, is calculated from half-life values, T1/2,

of each product isotope, and are taken from the National Nuclear Data Center (NNDC) and

the International Atomic Energy Agency (IAEA) [15] [46] (see table 4.2). The irradiation

time was recorded for each α beam exposure. Knowledge of the target foil thickness is

required as

Ntarget =
ρNA

Ar

x , (2.4)

where ρ is the density of the target in gcm−3, NA is Avogadro’s number, Ar is the atomic

weight of the target and x is the target thickness in cm. Therefore, accurate and precise foil

thicknesses were measured as described in section 3.1.

The total activity of the isotope produced by the end of target irradiation required multiple

measurement steps. First, multiple γ spectra of the irradiated targets were taken over a time

period of 5-6 half-lives of the isotope under investigation. After identifying the most intense

γ peaks emitted by the isotope of interest, the area under the peaks would be corrected for

count-rate changing over each spectrum due to the isotope decaying while the spectra are

being recorded. In addition, these count-corrected activities for each peak in each spectrum,

AC , were then corrected for detector and geometric efficiency.

Once these corrections have been applied, the activity of the isotope at the start of each γ

spectrum, AE, is produced for each γ peak measured. Decay curve graphs, of ln(AE) against

time since the end of the irradiation, were then plotted. The gradient of these decay curves

is ln 2
T1/2

and the intercept, ln(AT ), provides the total activity of the isotope at the end of α

irradiation.
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The number of α particles per 1 µA, Nα, is

Nα =
1× 10−6

2× 1.60218× 10−19
= 3.12075× 1012. (2.5)

The beam current is measured by the collection of charge in a Faraday cup as described in

section 3.4. The counts of the Faraday cup were recorded by a Brookhaven model 1000c

charge integrator, using a full scale of 60 nC. The conversion to current is given by,

I(nA) =
counts × 60 nC

time (minutes) × 60
. (2.6)

However, if the current varies over the irradiation time and the length of irradiation is less

than or comparable to the half-life of the isotope, then the activity of the isotope produced

can be given by

AT = σNtarget

n∑
i=1

Φi

(
1− e−λτ

)
· eλτ(n−i). (2.7)

Here, the irradiation time is divided into, n, smaller sections (periods), of length τ = tirrad/n

and Φi(= NαI)i is the beam flux for the ith period of irradiation time [47].

2.2.2 Multiple foil cross-section measurement

To measure cross-sections for multiple α energies the standard thin foil stacking method was

employed. Several thin (10s of microns thick) Eu foil were laid over each other and then

irradiated as one target. As the α beam travels through the target the beam energy degrades.

This energy degradation and the energy range covered by each foil can be calculated using

the Monte-Carlo Code, SRIM (the Stopping and Range of Ions in Matter) [48] which utilised

the Bethe-Bloch formula [49] for dE/dx (the instantaneous energy loss per unit distance) of

a light ion in a material.
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To extend the energy range of α beam as it travels through the target, thin layers of materials

such as Al foils can be added in between the Eu foils to further degrade the energy of the

beam. Therefore, it was imperative to measure the thickness of the Eu and Al foils and the

initial α – beam energy used to a high degree of accuracy and precision.

A couple of preliminary studies were performed to look at the feasibility of this cross-section

measurement. An initial cross-section measurement experiment with a different foil stacking

arrangement was also conducted and will be commented on. However, all of these previous

studies were used to improve and develop the technique for the final cross-section measure-

ment. The experimental set-up and data for this last study will be the main focus for the

remaining chapters on cross-section measurements.
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Chapter Three

Experimental methods for α+Eu

cross-sections

This chapter will expand on the experimental set-up and analysis performed to measure

the parameters outlined in equation 2.3, chapter 2 which are used for the extraction of

cross-sections from the experimental data. The foil thickness measurements and foil target

stacking will be discussed along with beam parameterisation. However, the γ spectroscopy

measurement set-up and initial analysis for decay and efficiency corrections are described in

chapter 4 and the final decay curves and cross-section extraction can be found in chapter 5.

3.1 Foil thickness

3.1.1 Theory

As charged particles travel through a medium they lose energy according to the Bethe-Block

formula. The energy loss per unit length (dE
dx

) and the range of an α particle traveling through

different elements can be calculated using a Monte-Carlo code like SRIM (the Stopping and
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Range of Ions in Matter) [48]. Figure 3.1 shows the range of α particles through Eu calculated

using SRIM.

Figure 3.1: The range of α particles travelling through Eu as a function of the
α energy.

Figure 3.2: Calculating the thickness of the foil using a range of monoenergetic α
particles in Eu. One α energy is shown on the graph as an example.

If a mono-energetic α source is incident on the front of a foil then the transmitted α energy

can be used to determine the thickness of the foil. This is shown graphically in figure 3.2.
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Table 3.1: Table of energies and intensities of the most prominent α energies
emitted by the triple α source containing 239Pu, 241Am, 244Cm. An intensity
weighted average of the two energies emits by 239Pu was calculated as the detector
resolution could not distinguish between these values. The α source was coated
in 100 µm/cm2 of gold. Therefore, the final prominent energies emitted by the
source were degraded a small amount. The energy degradation was calculated
and the final triple α source calibration energies used for DSSD calibration are
shown in the final column.

Isotope
Energy
(error)
(MeV)

Intensity
(error)

(%)

Energies used
for DSSD

calibration (MeV)
239Pu 5.1443 (8) 17.11 (14) 5.13079239Pu 5.15659 (14) 70.77 (14)
241Am 5.48556 (12) 84.8 (5) 5.46223
244Cm 5.80477 (5) 76.90 (10) 5.78226

Instead of a single α energy emitting source, a triple α source (containing 239Pu, 241Am,

244Cm) was used. Table 3.1 shows the α energies which were emitted with the highest

intensity by each isotope. The energy resolution of the Double-sided Silicon Strip Detector

(DSSD) used to detect the α particles could not resolve the two most intense peaks of 239Pu,

5.14430 MeV and 5.15659 MeV. Therefore, a weighted average of these energies was taken.

The triple α source was also covered in a thin, protective, gold coating, 100 µm/cm2 thick.

Knowing the initial α energies emitted by the source and the thickness of the gold coating,

SRIM was used to determine the exit energy of the α particles. From the SRIM calculations

it was found that the gold coating degraded the main α energy peaks of 239Pu and 241Am by

23.33 keV and the main 244Cm α peak was degraded by 22.51 keV. Both the 239Pu and 241Am

α energies being degraded by the same amount of energy was initially unexpected. However,

the reason for this was due to energy resolution limitations of SRIM. For this energy range

(5 to 6 MeV) SRIM only outputs particle ranges in material every 0.5 MeV (i.e. at 5, 5.5 and

6 MeV). To determine range values for particle energies between these, a linear extrapolation

between the SRIM data points was taken. Therefore, the energy change for the 239Pu and

241Am α energies were the same as they both lay within the same 5 to 5.5 MeV window.
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This is a limitation of the SRIM code and is an area that could be improved in future work.

The final α energy values used for the triple α source spectrum when calibrating the DSSDs

are shown in the last column of table 3.1.

3.1.2 Experimental method

A DSSD, a semiconductor detector, was used to detect the charged α particles under vacuum.

The DSSDs used each consisted of a solid silicon detector where the electronic read-out signal

of each detector was split into 16 vertical strips on the front and 16 horizontal strips across

the back. This design acts as a pixelated detector allowing for identification of particle

location. The 32 strips output separate signals and each of the 32 channels can be connected

to an electronic detection set-up. When the front and back detector strips are connected

to the electronic set-up shown in figure 3.3, the 16 front detector channel strips are used to

trigger coincidence windows via the use of a LED (leading edge discriminator), FiFo (Fan-in

Fan-out), Gate & Delay Generator and Trigger SAC electronics. As the charged particle

passes through the detector a signal from the front vertical strips triggers the Gate & Delay

Generator to produce a 5 ms coincidence window in which the signal from the back horizontal

strip arrives. It is the coincidence from the front and back strip that allows for α particle

location.

To measure the thickness of the Eu and Al foils used in the target, a triple α source was

collimated using disks of lead with a 2 mm pin hole. A foil could be placed in between the

two disks and this set of apparatus was placed in front of a DSSD as shown in figure 3.4.

Each of the three α energy peaks forms a Gaussian shape. However, if the α particles travel

through the foil at angles not perpendicular to the foil then they will travel farther through

the foil than the foil’s thickness. This affects the shape of the Gaussian’s such that they are
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Figure 3.3: DSSD and electronic diagram for foil thickness measurement. See
text for details.

skewed in shape at lower energies and the peak is broadened . Therefore, it is important to

collimate the α source before and after the foil and to only look at data on the DSSD pixel

which is directly opposite the collimator to reduce the Full Width Half Maximum (FWHM)

of the Gaussian’s and ensure they are not skewed in shape.

With this in mind, only data from the pixel directly in front of the collimated source was

used. As shown in figure 3.5, the collimator hole lines up with the 14th horizontal back strip

and boarded the 8th and 9th vertical front strips.

Firstly, an approximately 6 µm thick piece of Al foil was placed between the collimators and

an α spectrum (alsix1_0) was collected over a weekend. Then, a calibration of the DSSD

with no foil in between the two collimator discs was taken (alsix2_0 and alsix3_0). After

this, a section of approximately 25 (± 25%) µm thick >99.9% pure natEu foil bought from

ESPI Metals, USA [50] was placed between the two discs and the spectra were collected

over 8 days. The reason for this long collection period was because the statistics were low

due to the thickness of the Eu foil. Then an additional calibration was taken (alsix5_0 and

alsix6_0) to see if the DSSD calibration had shifted over a week.
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Figure 3.4: Diagram of the α source collimated by two lead collimators with a
2 mm hole in the centre. A foil, the thickness of which is to be
measured, can be placed between the two collimators and the DSSD
detects the α particles transmitted.

Figure 3.5: The left two images show the height of the collimator hole lies at
12.4 cm. This lines up with the 14th horizontal strip on the back of
the DSSD. The right image shows the 8th and 9th vertical, strips on
the front of the DSSD align with the collimator.
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3.1.3 Data analysis and results

Gating spectra

As depicted in the diagram in figure 3.3, the data were collected through MIDAS (Multi

Instance Data Acquisition System). This is a nuclear electronics data handling software

created by Nuclear Physics Group (NPG) at STFC (Science & Technology Facilities Council)

[51]. The data were then processed using a sort-code. For the foil thickness measurement

only the α energy spectrum of the pixel directly in front of the collimator was needed.

Therefore, in the sort-code the spectra from strips 8 and 9 on the front of the DSSD were

gated by the 14th strip on the back. Thus, these gated energy spectra for strips 8 and 9 on

the front of the DSSD only show events that occurred at the height of the 14th strip across

the back of the DSSD.

Calibration

Calibration spectra alsix2_0, alsix3_0, alsix5_0 and alsix6_0 are overlaid on top of each

other in figure 3.6. Red is alsix2_0; blue is alsix3_0; pink is alsix5_0; and purple is alsix6_0.

The calibration spectra alsix2_0 and alsix3_0 were taken after the Al foil thickness mea-

surement and before the Eu foil thickness measurement and the calibration spectra alsix5_0

and alsix6_0 were taken after the Eu foil thickness measurement.

Red and blue overlay each other and pink and purple overlay each other but are shifted

slightly to the right, as shown in figure 3.7. The shift in the centroid values of the peaks

was less than 3 channels. Therefore, for the calibration for the Eu thickness measurement

all these spectra were summated and a Gaussian fit of the three peaks was used to find the

centroids of the three peaks.
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Figure 3.6: Triple α source calibration spectra: alsix2_0 (Red); alsix3_0 (Blue);
alsix5_0 (Pink); and alsix6_0 (Purple).

Figure 3.7: Zoomed-in view of the first α peak of the triple α source calibration
spectra: alsix2_0 (Red); alsix3_0 (Blue); alsix5_0 (Pink); and al-
six6_0 (Purple).

In figure 3.6, the three peaks appear skewed with lower energy tails. This, in part, may have

been due to some irradiation damage to the detectors from previous experiments. However,

the main cause for this shape was due to the presence of less intense lower α energies being

emitted by the source. Unfortunately, when attempting to fit these peaks as well, the

areas under the peaks did not reflect the well established intensity ratios of the α energies.

Therefore, only Gaussian fits were made of the main three peaks. A Gaussian fit was chosen

over a skewed Gaussian for these data as it followed the form of the peaks better and the
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Table 3.2: The gradient and intercept values used for the energy calibration of
the Eu foil thickness measurement. The values for the gated strip-8 and strip-9
are given and the errors are shown in the brackets.

Strip Gradient Intercept
8 0.6425 (99) 109 (55)
9 0.6295 (266) 291 (146)

centroid of the normal Gaussian better reflected the position of the centroid of each peak.

The error on the centroid values provided by the fitting code were too small to accurately

portray the size of the error of the thickness measurements that were taken. As shown later

in figure 3.8, the foil attenuation of the α particles caused a broadening of the α energy

peaks. Therefore, to reflect on this and account for the broadening affect, the FWHM of

these Gaussian fits were used to find the standard deviation (σ = FWHM
2
√

2 ln(2)
) on these centroids

values. An LSF (Least Squares Fit) of the centroid (with σ as the error) and the energies

given in the last column of table 3.1 was made for each of the strip-8 and strip-9 gated

spectra. Table 3.2 shows the gradient (mEu) and intercept (cEu) of these LSF fits which will

be used for calibration.

However, the calibration used for the thickness of Al measurement only summated the chan-

nel 8 alsix2_0 and alsix3_0 spectra, as these were taken just after the Al foil measurement

and were most likely to reflect the energy calibration for their measurement. These energy

calibration LSF fit parameters for this case were mAl = 0.6430±0.0094 and cAl = 105±52.

Eu foil thickness

All the spectra taken across the 8 days for the Eu foil thickness measurement were summated

and three Gaussian peaks were fitted to the spectrum, see figure 3.8. The centroid values

were converted from channel number to energy (in keV) using the calibration parameters, m
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(a) Strip 8 (b) Strip 9

Figure 3.8: Triple Gaussian peak fitted to Eu foil thickness spectrum.

and c (depending on the foil and detector strip):

centroid (keV) =
centroid (Ch. no.) − c

m
. (3.1)

As explained previously, the error (Σ) on the centroid (Ch. no.) values extracted from

the Gaussian fits in figure 3.8 were calculated using the FWHM of the fits by calculating

Σ = FWHM
2
√

2 ln(2)
. In addition to Σ, the errors on the gradient and intercept values, σm and σc,

respectively, were used in the error calculation for the error (σE) on the energy (centroid

(keV)) for each attenuated α peak,

σE =

√(
Σ

m

)2

+
(σc

m

)2

+

(
σm(centroid(ch)− c)

m2

)2

. (3.2)

From the Gaussian fits of these gated spectra, the energy of the three transmitted α peaks

(from the centroids of the fit) were known. For each of the three α peaks, the range (in

mg/cm2) of an α particle in Eu with the energy of the centroid values (before and after

passing through the foil) were calculated using SRIM. As depicted in figure 3.2, for each of
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Table 3.3: Table of Eu foil thickness measurements with the upper and lower
errors of each measurement for channel 8.

Isotope of α peak Thickness (µm) Upper error on
thickness (µm)

Lower error on
thickness (µm)

239Pu 21.50 1.48 1.50
241Am 21.17 0.68 0.70
244Cm 21.49 1.01 1.05

Table 3.4: Table of Eu foil thickness measurements with the upper and lower
errors of each measurement for channel 9.

Isotope of α peak Thickness (µm) Upper error on
thickness (µm)

Lower error on
thickness (µm)

239Pu 22.37 2.06 1.92
241Am 21.89 1.11 1.15
244Cm 22.20 1.37 1.45

the α peaks, the range of an α with an attenuated energy was subtracted from the range of

the original α energy. This provided three separate measurements for the thickness of the

foil in mg/cm2. To convert the thickness from mg/cm2 to µm the result is divided by the

density of the Eu, 5.24 g/cm3 [48].

Tables 3.3 and 3.4 show the thickness measurements for each α peak with the upper and

lower error bars. The upper and lower thickness measurements were calculated using the

same method as above. However, instead of using the centroid energy values of the attenuated

α energy peaks, the centroid energy value minus σE was used to calculated the upper error

on thickness and the centroid energy value plus σE was used to calculated the lower error

on thickness. The difference between the lower or upper thickness measurement and the

thickness measurement calculated using the centroid attenuated energy values provided the

upper and lower errors on the foil thickness measurement for each α energy.

The larger of the errors for each peak was used to perform a weighted average of the three

measurements. The measurement from strip 8 resulted in a Eu foil thickness to be 21.3 ±

0.5 µm and for strip 9, 22.1 ± 0.8 µm. These agree within errors of each other, however,
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the data from strip 9 were less precise most likely due to strip 9 not being directly in front

of the collimator. Thus, the α particle would be travelling at a slight angle through the foil,

broadening the peak and the final error margins. Therefore, the thickness of the Eu foil was

taken to be 21.3 ± 0.5 µm.

Al foil thickness

The thickness of the Al foil used in the target stack with the Eu foil pieces was measured

before the Eu foil with the same set-up as described above. As the Al was a much thinner

foil (approximately 6 µm) only one spectrum, taken over a weekend, was needed to have

enough statistics for the Gaussian fitting. This spectrum was alsix1_0.

The same analysis steps used to calculate the Eu foil thickness were used to obtain the Al

foil thickness. However, as mentioned previously the mAl and cAl calibration parameters

were used and, drawing from the previous analysis, only the strip 8 data was analysed. In

addition, the range of α particles through Al was calculated for each α energy rather than

through Eu.

With this in mind, table 3.5 displays the thickness measurement results for each of the three

α peaks. Similarly to the Eu analysis, the larger errors of the upper and lower error in table

3.5 were used to perform a weighted average of the thickness. The final result was the Al

foil had a thickness of 6.6 ± 0.4 µm.

Table 3.5: Table of Al foil thickness measurements with the upper and lower
errors of each measurement (using strip 8).

Isotope of α peak Thickness (µm) Upper error on
thickness (µm)

Lower error on
thickness (µm)

239Pu 6.66 0.66 0.67
241Am 6.60 0.70 0.71
244Cm 6.56 0.74 0.75
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3.2 Beam energy

3.2.1 Theory

To determine the energy of the α beam used to irradiate the stacked foil target, the beam

was first scattered through a thin gold (Au) foil. The nuclear interaction of interest was the

elastic scatter of the α particles off the Au nuclei. Figure 3.9 depicts how each α particle in

the beam may scatter off a Au nucleus. The mass of the Au nucleus is denoted by mA and

mC , and the mass of the α particle by mB and mD. The incident energy of the α particle

beam is EB; EA is the energy of the stationary Au target; EC is the energy of the scattered

Au nucleus as it travels at an angle ϕ to the beam axis; and ED is the energy of the α particle

scattered by angle, θ from the beam axis.

Figure 3.9: Diagram showing the α beam scattering off a gold target.

By the conservation of energy and momentum,

(
1− mC

mB

)
EB − 2cos(θ)

√
ED

√
EB +

(
1 +

mC

mB

)
ED = 0 (3.3)

is found to be true and a full derivation can be found in appendix D. Therefore, by solving
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the quadratic equation

x =
−b±

√
b2 − 4ac

2a

where

x =
√
EB

a = 1− mC

mB

b = −2cos(θ)
√
ED

c =

(
1 +

mC

mB

)
ED

the beam energy can be determined by measuring the energy of the scattered α particles

and the angle through which they have scattered.

3.2.2 Experimental method

Two DSSDs were used to measure the α beam energy. The beam energy to be measured was

between 38 - 40 MeV. In order to measure the energy of the scattered α particles the silicon

of the DSSD needed to be thick enough to fully stop up to 40 MeV α particles. Thus DSSDs

of ∼ 1000 µm thickness were used.

Each DSSD was connected to an electronic set-up similar to that used for the foil thickness

measurement, a full schematic is given in figure 3.10. The DSSDs were calibrated using the

triple α source and checks were carried out to ensure that the position of each pixel was

known. This was achieved by placing a mask over the DSSD with the letter “R” cut-out.

The triple α source was place in front of the DSSD covered by the mask. The order of the
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Figure 3.10: Diagram showing the electronics set-up for the two DSSD detectors.

DSSD channel outputs were altered in the sort code until a clear image of the “R” could

be seen as demonstrated in figure 3.11. The re-ordered channel number for each DSSD was

carried forward to the rest of the code.

The DSSDs were then placed in a scattering chamber at the end of the beam line as shown

in figure 3.12. The Au foil in this figure consisted of a target ladder with two Au foils, shown

in figure 3.13. The α beam was then directed down this beam line to measure the α beam’s

energy before being directed on to the Eu/Al target using a dipole magnet. Three data sets

were collected for the beam-energy measurement. One with a 300 µg/cm2 thick Au foil and

two using a Au foil with a thickness of 200 µg/cm2, the first of these was taken with a lower

beam current.
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Figure 3.11: A uniformly irradiated DSSD covered by a mask with the letter
“R” cut-out. The image was formed after the output channels of
the DSSD were re-ordered in the sort code to ensure a clear image
of the “R”.

Figure 3.12: Diagram showing the scattering chamber set-up used to measure
the energy of the beam by scattering α beams off a gold target.
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Figure 3.13: Target ladder with two gold foils the top is 300 µg/cm2 thick and
the second one below is 200 µg/cm2 thick.

3.2.3 Data analysis and results

Calibration

Compared to the calibration performed for the foil thickness measurement, the amplification

of the DSSDs were decreased to ensure the maximum cyclotron α energy (40 MeV) was within

the top few channel numbers of each of the 64 DSSD energy histograms. The impact of this

was that the triple α calibration peaks were compressed to within the first 600 channels,

as shown in figure 3.14. For accurate calibration, knowledge of the channel number for the

centroid of each peak needed to be determined. Both the Gaussian and skewed Gaussian

functions were fitted to the calibration data. For the compressed α calibration spectra, the

centroids of the skewed Gaussian fits better reflected the centroid position of the three peaks
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Figure 3.14: Triple α calibration energy histogram (data in black) fitted with
three skewed Gaussians (in red).

in the spectra data. Therefore, the skewed Gaussian function was used for the beam energy

DSSD calibration process.

Each of the 64 detector strips were calibrated by fitting 3 skewed Gaussians to the α energy

histogram, as shown in figure 3.14. The centroid values were then used to convert the

energy channel number of the histogram to the physical energy of the α particles in MeV.

A skewed Gaussian fit was used because, unlike the collimated calibration performed for

the foil thickness measurement, the triple α source was not collimated. This was to allow

the calibration of the entire detector face and not just one or two pixels. As mentioned

previously, the triple α source is coated in a thin gold foil layer. Therefore, some of the α

particles reaching the detector face will have travelled through a larger angle of this coating

(and the source itself) thus will be slightly attenuated to lower energies. This caused the

energy of the Gaussian peaks to be skewed in shape.
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The LSF calibrations were produced for each of the 64 channels using the centroid values

from the skewed Gaussian fits and the error on the centroids and plotting them against

the energies of the α emissions given in the last column of table 3.1. The 1/gradient and

intercept/gradient of the calibration LSF plots were listed in a calibration text file and in-

corporated into the sort-code to calibrate the DSSDs (converting the integer channel number

of each signal in received in each strip to energy in MeV).

Beam Energy

To process the data collected for α beam energy measurements a sort-code was used. For each

α particle detected its location on the DSSD was found by using the coincidence between the

front and back strip detection. The physical location of the detectors within the scattering

chamber, shown in figure 3.12, were also imbedded in the sortcode to calculate the angle of

the detection from the original beam, θ.

The front strips of the DSSDs provide a more precise and higher statistical measurement of

the beam energy. Therefore, the information about the energy of the scattered α particle was

taken from the front strips. The calibration conversion for each DSSD strip from channel

number to α energy (in MeV) was incorporated in the code. Assuming, on average, the

α particle in the beam will interact in the middle of the foil target, then the scattered α

particle with energy ED will lose energy in the remainder of the target before exiting and

striking a DSSD with the detected energy. To obtain the original scattered α energy, each

detected energy is corrected for the dE/dx loss of an α particle through the remainder of the

gold foil.

The average thickness of gold foil travelled through was calculated for each detection by

using half thickness of Au foil
cos θ

as shown in figure 3.15. The detected α energy and the distance

travelled through the Au foil provided enough information to perform the reverse process
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Figure 3.15: Diagram showing the average distance of Au foil the scattered α
particle travels through.

used to determine Eu and Al foil thickness in section 3.1. By using dE/dx range values for

α particles in Au calculated using SRIM, the original energy (ED) of the scattered α particle

was determined.

As the mass of the α particle is known and the ED and θ are measured with the DSSDs,

for each detection, the energy of the α beam (EB) was calculated using equation 3.3. These

values of EB were used to build energy histograms of the α beam.

For each of the three data sets two beam energy spectra were produced, one with the right

DSSD and one with the left DSSD. A Gaussian was fitted to each spectrum (see example

in figure 3.16). The centroid value provided the beam energy and the error was given by

FWHM
2
√
2 ln 2

. All of the six beam energy readings produced beam energy values within error of

each other as shown in table 3.6. However, the first set of data taken with the thicker (300

µg/cm2) Au foil produced a beam energy peak with ten times fewer statistics. Across all

the data sets, the left detector (DSSD2 in figure 3.12) consistently contained at least 100
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Figure 3.16: A single Gaussian (red) fitted to the beam energy histogram (black)
of the left DSSD of the low current 200 µg/cm2 thick Au foil data
set.

Table 3.6: Table showing the fit parameters for the single Gaussian fits of each
data set for each detector.

Data set Beam energy (MeV) Error on beam energy (MeV)
300 µg/cm2 Au foil

DSSD 1 38.79 0.18

300 µg/cm2 Au foil
DSSD 2 39.07 0.21

200 µg/cm2 Au foil
DSSD 1 - low current 38.76 0.17

200 µg/cm2 Au foil
DSSD 2 - low current 39.06 0.21

200 µg/cm2 Au foil
DSSD 1 - high current 38.78 0.17

200 µg/cm2 Au foil
DSSD 2 - high current 39.06 0.21
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times more statistics than the right (DSSD1) due to its closer proximity to the beam line.

Therefore, the final beam energy measurement was taken from the higher statistics beam

energy peaks produced from the left DSSD of the thin (200 µg/cm2) Au foil data sets. The

α beam energy was measured to be 39.06 ± 0.21 MeV.

3.3 Foil stacking

3.3.1 Handling thin europium foils

Europium is the most reactive lanthanide. It reacts with air and water swiftly such that

once the foil has been unsealed from its container it should be handled quickly and be placed

under vacuum or in an argon atmosphere as quickly as possible. The thickness measurement

using α particles was carried out under vacuum and the irradiation of the stacked Eu and Al

target was also carried out under vacuum. Once irradiated, each foil was sealed separately

within two plastic bags, however, within 24 hrs the Eu foil had completely oxidised to a

powder.

Europium’s relatively high reactivity posed many logistical and practical problems that had

to be considered when designing and assembling the stacked target to be irradiated. An

initial cross-section measurement was made where the Eu and Al foils (30 µm and 25 µm,

respectively) were stacked as shown in figure 3.17. A 3 × 3 cm2 Eu foil was cut in to nine

1 cm2 pieces under argon in a glove box. However, assembling the stacked target with the

Al foils within a glove box proved impossible as this was intricate work. Thus the 12 foils

were stacked relatively quickly on a clean bench top using tweezers while wearing gloves to

prevent any moisture and oil from the skin transferring to the foil.

Unfortunately, Eu is a poor conductor of heat and during irradiation each Eu foil fused with
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Figure 3.17: Initial design for Eu/Al foil stacking. The beam enters from the
right side of the image towards the left through the 8 mm gap in
the target holder.

Figure 3.18: Target stack design of 27 Eu and Al foils to prevent Eu foils fusing
with other Eu foils. The beam enters from the right side of the
image towards the left through the 8 mm gap in the target holder.
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(a) 1 cm2 Eu foils on
the left and 1×2 cm2

pieces of Al foil on the
right.

(b) Folding the Al foil
around the Eu foils.

(c) Final stack of foils in
target holder.

Figure 3.19: Foil stacking process.

the foil behind it. The Al foils did not fuse with the foils behind them, because Al is better

at dissipating heat due to a higher thermal conductivity (235 Wm−1K−1 compare to Eu’s

thermal conductivity of 14 Wm−1K−1 [52]). Therefore, after irradiation there were effectively

four Eu foils of double to triple the original thickness as shown in figure 3.17.

For the final measurement it was imperative to overcome this problem of the Eu foils fusing

to their neighbour. To mitigate this, 6.6 µm thick Al foils were placed before and after each

21.3 µm thick Eu foil such that the target stack consisted of 27 foils as shown in figure 3.18.

However, stacking 27 separate 1 cm2 thin foils proved impossible. Instead of cutting the Al

foil into 18, 1 cm2 pieces, the solution was the cut nine 1 × 2 cm2 pieces of Al foil as seen in

figure 3.19 (a). Each Al foil could then be folded in half with a 1 cm2 piece of Eu foil inside,

securely containing the Eu for stacking as captured in figure 3.19 (b). Therefore, only nine
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foil envelopes were required to be stacked as shown in figure 3.20 and placed into the target

holder seen in figure 3.19 (c).

Figure 3.20: Final stacking of Eu and Al foils by forming and stacking nine foil
envelopes. The beam enters from the right side of the image to-
wards the left through the 8 mm gap in the target holder.

3.3.2 Energy distribution across each Eu foil

From sections 3.1 and 3.2 the thickness of the foils in the target and the initial α beam

energy were known. As the α beam travels through the stack of foils its energy decreases.

The energy of the α beam before and after each foil was calculated using SRIM [48]. In

figure 3.21 the α energy range covered by each Eu foil has been highlighted in purple and
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overlaid on TALYS predicted cross-sections.

Figure 3.21: The energy range covered by the nine Eu foils in the target stack
(highlighted in purple) overlaid on TALYS predicted cross-sections.

However, these values were calculated using the Eu thickness of 21.3 µm, Al thickness of

6.6 µm and initial beam energy of 39.06 MeV. These three values all have known error on

their measurement. Thus to obtain the maximum α energy the Eu foils cover, the α energy

degradation was calculated using the thickness of the foils minus their error (20.8 µm and

6.2 µm for Eu and Al foil, respectively) and the initial energy of the beam plus its error (i.e.

39.27 MeV). To obtain the minimum α energy of each Eu foil, the α energy degradation was

calculated using the thickness of the foils plus their error (21.8 µm and 7.0 µm for Eu and

Al foil, respectively) and the initial energy of the beam minus its error (i.e. 38.85 MeV).

The energy of the α beam at the centre of each foil was calculated using the Eu foil thickness

of 21.3 µm, Al thickness of 6.6 µm and initial beam energy of 39.06 MeV. These values are

quoted as the “Average foil energy”. These and the maximum and minimum values of each

foil are recorded in table 3.7
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Table 3.7: The mean α energy of each Eu foil in the stack and the maximum
and minimum α energy at the front and back of each foil.

Eu Foil
Lowest energy
at the back

of foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front
of foil (MeV)

1 37.62 38.34 39.04
2 36.06 36.86 37.64
3 34.46 35.35 36.19
4 32.81 33.77 34.71
5 31.08 32.16 33.18
6 29.30 30.47 31.59
7 27.45 28.72 29.97
8 25.48 26.90 28.25
9 23.40 25.00 26.46

3.4 Target irradiation

3.4.1 Charge collection

The stacked Eu/Al foil target was placed at the end of the beam line and the tube was

evacuated. The α beam was collimated using two tantalum (Ta) collimators, positioned in

the beam line as shown in figure 3.22. The end of the beam line was designed to act as a

Faraday cup by inserting an electrically insulating material to isolate the last 14 cm of the

pipe and end-cap. The end of the beam line was connected via a wire to a Brookhaven model

1000c which recorded the current. As the α particles strike the target the addition of the

positive charge draws electrons from the wire (i.e. two electrons per α particle). This current

flow was then recorded on the Brookhaven model 1000c which was on the 60 nC setting,

i.e. a count is recorded for every 60 nC of charge accumulated. Therefore, as explained in

section 2.2, the current of α particles (I) can be calculated by

I (nA) =
counts × 60 nC

time (minutes) × 60
, (3.4)
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Figure 3.22: Diagram of the end of target irradiation beam line including α beam
collimation and Faraday Cup for measuring beam current.

which is defined in chapter 2 as equation 2.6, can be simplified to

I (nA) =
counts

time (minutes)
. (3.5)

This equation could be used when the α beam was irradiated in the target with a constant

current. In this case Coulomb count recorded would increase linearly with time, however,

this was not the case when the target stack of Eu/Al foils was irradiated as shown in figure

3.23.

3.4.2 Target irradiation and current measurement

The target was irradiated for 25 minutes 33 seconds, beginning and ending at 17:03:27 and

17:29:00, respectively. The time and Coulomb count of the Brookhaven model 1000c charge

integrator, using a full scale of 60 nC, were recorded at regular intervals during irradiation

(approximately every minute). These are plotted in figure 3.23. A straight line fit has been
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added to the graph to highlight the non-linearity of the Coulomb count.

Unfortunately, on the day of irradiation the cyclotron’s α beam was unstable and the ion

filament broke. The initial plan was to irradiate the target for 1 hr with a beam current

of 50 nA. However, using the total Coulomb count of 567 and the irradiation time of 25.55

minutes in equation 3.5, the average current achieved was only 22 nA. Irradiating the target

for under half the planned time and current meant that under a quarter of the planned

activity for the longer lived (days half-life) isotopes were produced and approximately half

the activity of the planned short lived (minutes half-life) isotopes were produced. The effect

of these reduced expected activities on the collection of γ spectra will be explained in section

4.6.

Figure 3.23: Coulomb count of the Brookhaven model 1000c on the 60nC setting
while the Eu/Al target was irradiated. The larger dots are the data
points taken approximately every minute and the fine dotted line
is a liner fit of the data to demonstrate the non-linear behaviour of
the data points.

As explained in section 2.2, the inconsistent current will have a greater effect on the pro-

duction of short lived isotopes and isotopes with comparable half-lives to the irradiation

time. Therefore the effect of the inconsistent current needed to be accounted for. This was

achieved by using equation 3.6 which was originally defined in chapter 2 as equation 2.7.
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AT = σNtarget

n∑
i=1

Φi

(
1− e−λτ

)
· eλτ(n−i), (3.6)

where AT is the activity of the isotope produced and Ntarget is defined in equation 2.4. The

current data is then split into n sections equal sections of time. The average current, Ii for

each (ith) segment is used to calculate Φi = NαIi for each section of the data (where Nα

is defined in equation 2.5). The calculation for each segment of the sum also contains the

parameters λ (the decay constant of the isotope produced) and τ which is the length of time

for each data segment.

The total irradiation time was 25 minutes 33 seconds = 1533 s. Therefore, the total irradi-

ation time can be split into 1533 segments (i.e. n = 1533 and τ = 1 second). Focusing on

the summation part (Y ) of equation 2.7, Y can be written as

Y =
n=1533∑
i=1

Φi

(
1− e−λ

)
· eλ(n−i), (3.7)

where λ has units, s−1. The parameter Φi(= NαIi) for each second needed to be determined.

The Coulomb count was recorded every minute and equation 3.5 was used to determine the

average beam current for each minute. The average beam current for a particular minute

was then used as the current, Ii, for each second in that minute. Ii was then multiplied by

constant Nα (see equation 2.5) to give Φi for each second.

As Y is λ dependent, separate values of Y were then calculated for each isotope produced

by summating each segment with the appropriate Φi and λ. These values of Y were then

used to calculate the cross-section,

σ =
AT

Y ·Ntarget

, (3.8)

as discussed in chapter 5. Appendix C derives the error calculated for Φi, Y and cross-section.
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Experimental methods for α+Eu cross-sections

After α irradiation of the Eu/Al foil stack, the amount of each Tb isotope and isomeric state

produced needed to be quantified. Gamma spectroscopy was used to measure this in each

Eu foil. Chapter 4 discusses the method and initial γ spectra analysis in more detail.
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Chapter Four

Gamma spectroscopy

Once the stack of Eu/Al foils had been irradiated the products of the irradiation needed

to be identified and quantified. Each radioactive nuclide emits it own specific set of γ

energy photons. The energies of these photons work much like a fingerprint, and are used to

identify the nuclide that emitted them. The process of collecting energy spectra of sources

and identifying the energies of the peaks, and thus the nuclides, is known as γ spectroscopy.

Moreover, these spectra can be used to calculate the activity of the radioactive isotopes

produced; AT in equation 2.3.

This chapter will discuss the detector and experimental set-up required to perform the nec-

essary γ spectroscopy. The selection of specific γ energies for identification and activity

calculation of the produced isotopes will be explained along with the initial spectra analysis

and correction processes. The final steps of using these data to produce decay curves and

then calculate cross-section of production will be covered in chapter 5.
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4.1 HPGe Detectors

4.1.1 Theory of HPGe Detectors

There are several families of γ detectors, organic and inorganic scintillating detectors, pro-

portional counters that use a counting gas, and semiconductor detectors. For precise γ

spectroscopy the superior resolving power of semiconducting detectors is needed. More

specifically, High Purity Germanium (HPGe) detectors were used.

Types of γ interactions with detectors

In order for the detectors to record information about the γ rays the photons must interact

within the detectors. There are three main types of interactions a γ photon will have within

a detector and the probability of each depends on the energy of the photon and the material

of the detector.

The first type of interaction occurs by Compton scatter (CS). This is where the γ photon

interacts with an electron within the detector. The photon transfers some of its energy to

the (recoil) electron and leaves at an angle (θ) compared to the original trajectory of the

photon. The energy of the photon (Ep
′) after the collision is given by

Ep
′ =

Ep

1 + Ep

m0c2
(1− cos θ)

, (4.1)

where m0c is the rest mass energy of the electron (511 keV). The probability of the reaction

depends linearly on the number of electrons [53]. Therefore, the probability of interaction

increases linearly with detector material atomic number (Z). Interaction probability falls off

as energy increases as shown in figure 4.1.
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The second type of γ interaction is the photoelectric effect (PE). This is where all of the

photon’s energy is transferred to a bound electron of an atom in the detector, ionising the

atom. The energy of the ionised electron (Ee−)is given by

Ee− = hν − Eb, (4.2)

where h is Plank’s constant, ν is the frequency of the γ photon and Eb is the binding energy

of the electron. The probability of this interaction mechanism occurring increases with Z

of the detector material but decreases as the energy of the photon (Eγ) increases. The

approximate dependence is given by

constant× Zn

E3.5
γ

, (4.3)

where n varies between 4 and 5 depending on the energy of the γ ray [53].

The third interaction between γ rays and the detector is pair production (PP). PP is only

possible for γ rays with energies greater than 1022 keV. As 511 keV is the mass of an electron

(or positron), then 1022 keV is the minimum energy required to produce an electron positron

pair. The γ photon travels close to a nucleus within the detector and the interaction causes

the photon to transform into an electron and positron. The probability of a PP interaction

is proportional to Z2 and increases with energy above 1022 keV [53].

Figure 4.1 is a plot of atomic number against γ photon energy. The three sections are labelled

to show the dominant interaction mechanism for that region of atomic number and photon

energy.

When a γ ray interacts only by the PE effect, all the energy information of the photon will

be transformed to an electrical pulse and passed to the electronics. On an energy spectrum

this gives rise to the “photopeak” of equivalent energy to the original γ ray. For photons that
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Figure 4.1: A plot of atomic number (Z) of detector material against the energy
of the radiation photon (in MeV). The three areas of the graph show
the dominant interaction that takes place [53].

interact by CS, the energy transferred to the electron is collected by the detector, however,

this is not all the energy of the original photon. The scattered photon either continues to

CS until it interacts photo-electrically or the photon may escape. In the latter case some

of the energy information is lost and this gives rise to the Compton continuum as shown in

figure 4.2.

After PP, the subsequent interaction of the newly created leptons gives rise to other spectrum

features. The energy of the electron will be transferred to and translated by the detector.

The positron produced will lose energy to the detector till it comes to rest (or near rest)

and then annihilate with a detector electron. This produces two back-to-back annihilation

photons of 511 keV each. These photons may escape the detector, CS, or lose their energy by

the PE effect. If both photons leave there will be a “double escape peak” at the energy of the

original γ photon minus the rest mass of two electrons. If only one of the photons escapes

there will be a “single escape peak” at an energy equal to that of the original γ photon minus

the rest mass of one electron. These features can be seen in figure 4.3.
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Figure 4.2: A simplified plot of counts against photon energy for lower energy
photon interactions. Some features to be expected such as Compton
continuum from CS interactions and a full energy peak from PE
absorption are labelled [53].

Figure 4.3: A simplified plot of counts against photon energy for high energy
photons. Some features of the interactions are labelled, such as the
full energy peak, and single and double escape peaks. The latter two
are the result of PP interactions where one or both of the 511 keV
photons produced escape the detector, respectively. [53].
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The simplified example spectra above considers a mono-energetic γ source, however, when

collecting γ spectra from irradiated Eu foils there are multiple γ rays. If these features

overlap, identifying the nuclide from the γ rays increases in difficulty.

If a detector was large enough or dense enough, all the energy of the photon would be

absorbed (either in one interaction or in multiple), therefore, the spectra would only contain

photopeaks.

HPGe detectors

Standard semiconductor detectors work by applying a reverse bias across an n-p junction

[53]. This forms a depleted region of no free charge. When ionising radiation interacts within

the depleted region, electrons are excited from the valence band to the conduction band

creating electron-hole pairs. Under the voltage applied to the detector, the electrons and

holes produced are attracted and drawn to the positive and negative electrodes respectively.

When they reach the terminals they produce a voltage pulse proportional to the radiation

energy deposited in the detector.

Standard semiconductor detectors only produce depleted regions of 2-3 mm which is too

small to be an efficient γ ray detector. The achievable thickness of a germanium detector’s

depletion region increases the purer the germanium used. For 1000 V of applied voltage,

100 mm of depletion is possible when impurity levels are less than 1 part in 1012. Therefore,

high-purity germanium detectors are used as efficient γ detectors.

The band gap between valence and conduction bands is 0.7 eV. Unfortunately, at room

temperature this small energy gap is easily bridged by electrons leading to thermal noise.

Therefore, to reduce thermal noise the HPGe detectors are cooled with liquid nitrogen to

77 K. This very small band gap results in detectors with excellent energy resolution, making
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them ideal for γ ray spectroscopy.

Germanium is also a semiconductor with a high Z value. Reflecting on equation 4.3, the

high Z value increases the likelihood of γ photons interacting by PE effect. This increases

the photopeak-to-Compton ratio which is also desirable for γ spectroscopy.

4.1.2 Experimental set-up

To ensure enough spectra data could be collected for each of the nine irradiated Eu foils

(see section 4.6), two HPGe detector set-ups were used. In both cases, the detectors were

each connected to an electronics set-up as shown in figure 4.4. The electronic voltage signal

produced by the HPGe detector, which is proportional to the energy deposited by the γ

interaction, is passed through a pre-amplifier. The pre-amplifier matches the high detector

output impedance and the low amplifier input impedance and generates a voltage pulse. The

pre-amplifier also separates the detector electronics from the rest of the electronics to ensure

changes to the subsequent electronics do not impact the signal production in the detector.

After the pre-amplifier, the signal is then shaped and amplified using an amplifier. The

voltage of this final signal is still proportional to the original energy deposited by the photon

and the Analogue-to-Digital Converter (ADC) discretizes these signals and bins them into

channel numbers proportional to the peak voltage and thus γ energy. The final spectra of

counts against channel number were collected using MAESTRO software [54].

Figure 4.4: Diagram showing the electronics set-up of a HPGe detector.
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Figure 4.5: Diagram showing the separation between the irradiated Eu foils and
the G11 HPGe detector (not to scale).

Figure 4.6: Diagram showing the separation between the irradiated Eu foils and
the HPC HPGe detector (not to scale).
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For notation purposes, the two detectors will be referred to by the name of the rooms they

were in; “G11” and “HPC”. Detailed diagrams of these HPGe detector dimensions can be

found in appendix E. Figures 4.5 and 4.6 show simplified diagrams of the crystal and casing

of the detectors, as well as the distance of the sources (u and v) from the detector face. The

sources were either the irradiated Eu foils or calibration sources.

4.2 Calibration

As explained in section 4.1 the energy transferred from the γ photon to the detector is

converted by the ADC into discrete channel numbers and recorded in a histogram such that

the channel number is proportional to the energy deposited. Each nucleus emits a specific

set of γ photons thus, the photopeaks of the spectrum can be used to identify the nuclei.

However, in order to achieve this, the channel numbers need to be converted back into energy

values (in keV). In other words, a calibration of the channel number to energy value needs

to be carried out.

Known radioactive sources can be used to determine the relationship between photon energy

and channel number. Looking at the photon energies of interest in the irradiated Eu foils

(see section 4.5), the calibration of channels needed to be carried out over the energy range

of 80-2200 keV. An excellent HPGe calibration source is 152Eu. When this isotope decays

to either 152Gd or 152Sm, a multitude of γ energies ranging from 30 keV to 1500 keV are

produced due to the large decay Q-value and it’s electron capture and β− branches. Figure

4.7 shows a 152Eu spectrum with the 16 energy peaks used for calibration labelled.

However, in order to obtain a higher energy calibration point, a 60Co source was used. If the

1173.228 keV and 1332.492 keV coincidence γ’s emitted by the 60Co source arrived at the

detector within a very short time window (i.e. less than a few hundred nanoseconds) then
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Figure 4.7: 152Eu calibration spectrum. The 16 peaks labelled were used for
energy calibration.

this produces a summation peak at 2505.72 keV. To increase the counts in the summation

peak the 60Co source was placed very close to the face of the detector.

The two calibration spectra (152Eu and 60Co) were taken twice a day to monitor any shift in

the gain. Each of the 19 peaks were fitted with a Gaussian using the “gf3” fitting function

in the RadWare software package [55]. The centroid values and the NNDC [15] peak energy

values extracted from the latest nuclear data sheet [56] were then used in the “encal” function

of RadWare to calculate the calibration fitting parameters. A quadratic calibration from

channel number to energy was used. These calibration parameters were then applied to the

irradiated Eu spectra collected to enable peak identification.
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4.3 Resolution

4.3.1 Theory

HPGe detectors have excellent energy resolution making them ideal for γ spectroscopy. How-

ever, it is important to know how the ability of the detectors, to resolve two neighbouring

peaks from one another, changes with energy.

If the number, N , of electron-hole (e-h) pairs produced when a γ photon deposits energy,

E, within the HPGe detector were simply dependent on the average energy, ω, to produce a

single e-h pair then N = E/ω. Moreover, if the production of these e-h pairs were completely

independent of each other then the statistical fluctuation in N would follow Poisson statistics.

In other words, the error on N , σ(N) =
√
N .

For large N , Poisson distribution tends to a Gaussian distribution where the FWHM = 2.35σ(N).

Resolution, R is given by

R =
FWHM(N)

N
, (4.4)

therefore,

R =
2.35

√
N

N
= 2.35N−1/2. (4.5)

However, the production of each e-h pair is not independent of every other e-h pair. Although

a full theoretical model for the effects of this does not currently exist, it is experimentally

seen that for semiconductor detectors, such as germanium, the observed statistical variance

is smaller than Poisson statistics would predict. Because of this, the Fano factor, F (=

observed statistical variance
E/ω

), is added to equation 4.5 to give,

R =
2.35

√
FN

N
= 2.35F 1/2N−1/2. (4.6)

81



Gamma spectroscopy

For germanium, F can range from 0.057 to 0.129 [53]. The energy deposited by the photon,

E, is proportional to the number of electron hole pairs produced. Therefore,

R ∝ 2.35F 1/2E−1/2, (4.7)

i.e.

R ∝ E−1/2. (4.8)

4.3.2 Measurement

A set of calibration 152Eu and 60Co spectra taken for each HPGe detector were recorded as

described in section 4.2. The peaks in each spectra were fitted to provide the centroid values

and FWHM in channel number. Each detector was calibrated and the FHWM values for

each peak were converted into energy units, keV, see figure 4.8. Resolution for each peak

was calculated using R = FWHM(E)
E

. Subsequently, R against E was plotted, as shown in

figure 4.9. During the irradiated Eu spectrum collection, the shaping time of the HPC HPGe

detector was changed from 1 µs to 3 µs. This improved the resolution as shown in figure 4.9

where the orange points (HPC at 1 µs) lie above the G11 (blue) and HPC with 3 µs shaping

time (grey).
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Figure 4.8: The change of FHWM in keV of a photopeak with energy for the G11
and HPC HPGe detectors. The orange points are the resolution of
the HPC detector when the shaping time of the amplifiers was 1 µs
and the grey when it was 3 µs.

Figure 4.9: Resolution change with photon energy for the G11 (blue) and HPC
(grey and orange) HPGe detectors. The orange points are the reso-
lution of the HPC detector when the shaping time of the amplifiers
was 1 µs and the grey when it was 3 µs.
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4.4 Efficiency

4.4.1 Efficiency theory

Not all the radiation quanta will cause the detector to produce a signal pulse, this is par-

ticularly true for γ photons. Due to the low ionising power of photons it is not guaranteed

that a photon will interact within the detector triggering a signal pulse. This causes the

detector to be less than 100% efficient at detecting photons. It can be said [53] that absolute

efficiency, ϵa, is defined as

ϵa =
number of detected pulses recorded

number of radiation quanta emitted by the source
. (4.9)

If coincidence detections of γ rays in a cascade were were being recorded then a consideration

of the effect of angular distribution would need to be considered. However, for this work

only singles data were recorded it can be assumed that the emission of γ rays from a source

is isotropic and no adjustment is needed for detector angle. However, as radiation is emitted

isotropically from a source not all the radiation quanta will reach the detector. Therefore,

intrinsic efficiency, ϵi, which is defined as [53],

ϵi =
number of detected pulses recorded

number of radiation quanta incident on the detector
, (4.10)

may be necessary to account for any geometric differences between experimental set-ups.

Equation 4.10 implies that a geometry efficiency factor, or fractional area of sphere covered

by the detector, fA, is incorporated into total efficiency. Geometry efficiency corrections will

be discussed further in section 4.4.2.

For γ spectroscopy the photo peak is the point of interest in the spectra. Thus, it is important
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to know the efficiency of detecting a photopeak contributing signal. If a source of activity, A,

is placed in front of a detector and a spectrum is collected for a set time, then a photopeak

from a γ photon produced by the source with intensity, Iγ, will have N counts under the

peak. Therefore, absolute and intrinsic efficiency can be written as

ϵa =
N/time
AIγ

, (4.11)

and

ϵi =
N/time
AIγfA

, (4.12)

respectively. It is important to note that the ‘time’ used for efficiency calculations and all

subsequent γ spectra corrections mentioned in this chapter was the live time of the spectra.

This was because live time accounted for the variation in dead-time of the detector (between

0.1 and 6.1%) due to the variation in source activity and distance from the detector.

4.4.2 Geometric efficiency correction

Geometric efficiency is equivalent to knowing the fraction of the radiation emitted that

reaches the detector. For a point source distance, d, from a detector with radius, R, (see

figure 4.10) the fractional area of a sphere of radius, d, covered by the detector is given by

the solid angle, Ω, divided by the total solid angle, 4π, i.e. Ω
4π

. If a point source is aligned

axially with the detector (like in figure 4.10) then the fractional area (fA) is given by [53],

fA =
1

2

(
1− d√

d2 +R2

)
. (4.13)

This calculation for fractional area in equation 4.13 was valid when measuring the known

sources to obtain the calibration, resolution and efficiency of each detector. This was because
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Figure 4.10: A point source placed d cm in front of a detector of diameter R.

these known sources were very small (point-like). However, for most of the irradiated Eu

target γ spectra collected, the distance of the source from the detector, d, was not much

greater that than R as the source was often less then 5 cm from a detector of radius ∼2.5

cm. In addition, the irradiated foils had a finite size and thus the area of the source could

not be considered to be negligible.

The irradiated targets were disc shaped with a radius of r. The diameter of the beam spot

of the irradiated Eu foil was 5.5±0.5 mm therefore the original radius of the irradiated foil

sources, r = 0.275±0.025 cm. However, this r value was only valid for the first day of

γ measurement. After this, the foil pieces had oxidised into a powder and each foil was

collected into the corner of the plastic bag for which it was contained. The oxidised targets

formed approximate disc shapes which repeat measurements using a vernier caliper were

taken. The radius of the oxidised targets were 0.292±0.019 cm.

Figure 4.11 provides a schematic of a disc source and detector set-up. Ruby [57] derived that

the fractional area (fA) of a disk shape source could be found using an integral containing

Bessel functions, where

fA =
R

r

∫ ∞

0

e−kdJ1(rk)J1(Rk)

k
dk. (4.14)

Equation 4.14 does not have an analytical solution but can be approximated numerically. A
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Figure 4.11: A disc shaped source, diameter, r, placed d cm in front of a detector
of diameter R.

python script was written to find numerical solutions to equation 4.14 with the appropriate

R, r and d input parameters. These were then compared to the point source fA values,

calculated using equation 4.13. A comparison of the two fA values is shown in table 4.1.

The point source and disc source fA values calculated for the different geometric set-ups used

during spectra collection were the same to at least two significant figures. However, the disc

fA values had a larger uncertainty (error) so this value was incorporated into the efficiency

correction.
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4.4.3 HPGe efficiency measurement

The efficiencies of the two HPGe detectors, G11 and HPC, were found by placing several

known sources, one at a time, at known distances from the face of each detector. The number

of counts (N) or area under each γ energy peak were found by fitting Gaussian functions and

a quadratic background shape. The efficiency spectra for the HPC detector were collected

twice because the shaping time of the amplifier was changed during irradiated Eu target

spectrum collection. The change in shaping time affected the resolution and efficiency of the

spectra collected. Therefore, efficiency data were needed for both shaping-time scenarios.

The known sources used for the efficiency measurements were 152Eu, 44Ti, 60Co and, for two

out of the three efficiency measurements, a 133Ba source was also used. For each spectra, N

was extracted for the major peaks and used in the “effit” fitting function in the RadWare

software package [54]. This piece of software was specifically design to fit efficiency curves

of HPGe detectors. The “effit” program was initially fed the 152Eu peak area and Iγ data,

and a relative efficiency curve was fitted with

RadWare relative efficiency = e[(A+Bx+Cx2)−G+(D+Ex+Fx2)−G]
−1/G

, (4.15)

where A, B, C, D, E, F and G are fitting parameters. RadWare relative efficiency is a

function of γ energy (Eγ) and, in equation 4.15, x and y are defined as,

x = ln

(
Eγ

E1

)
(4.16)

and

y = ln

(
Eγ

E2

)
(4.17)

where E1 = 100 keV and E2 = 1 MeV.
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To improve the fit, the area and Iγ data for each major peak in the 44Ti, 60Co and 133Ba

spectra were then scaled by the RadWare “effit” software and added to the 152Eu data points.

After the addition of each isotope data set, the efficiency curve was refitted to fine-tune the

parameters A, B, C, D, E, F and G. The best efficiency curve fits occurred when parameter

C was set to zero and G was set to 15. The final RadWare relative efficiency fits for each

detector including all the 3-4 isotope data sets and the fit parameters are displayed in figures

4.12 to 4.14.

Figure 4.12: A plot of relative efficiency against γ energy. The RadWare relative
efficiency fit is shown in red and was produced from using the γ
peak data (black circular data points) of known 152Eu, 44Ti, 60Co
and 133Ba sources measured using the G11 HPGe detector. The
parameters A to G of the fit are also display on the graph. The
error for each parameter is given in brackets.

In order for the efficiency fit of the detectors to be usable in the analysis of the irradiated Eu

foil data collected, the relative efficiency produced by RadWare subsequently needed to be

scaled to the intrinsic efficiency of the detector. Therefore, the intrinsic efficiency for each of

the major fifteen 152Eu γ peaks was calculated using equations 4.12 and 4.13 for each of the

three detector scenarios. The RadWare relative efficiency was also calculated using equation

4.15 and the parameters A to G given in figures 4.12 to 4.14. For each of the 15 peaks, a ratio
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Figure 4.13: A plot of relative efficiency against γ energy. The RadWare relative
efficiency fit is shown in red and was produced from using the γ
peak data (black circular data points) of known 152Eu, 44Ti and 60Co
sources measured using the HPC HPGe detector with a shaping
time of 1 µs. The parameters A to G of the fit are also display on
the graph. The error for each parameter is given in brackets.

of intrinsic efficiency
Radware relative efficiency was calculated and a weighted average of these was taken to provide

a scaling ratio for the RadWare relative efficiency, SR. For the G11 detector SR = (4.193±

0.064)× 10−5; for the HPC (1 µs shaping time) detector SR = (8.71± 0.13)× 10−5; and for

the HPC (3 µs shaping time) detector SR = (19.41± 0.29)× 10−5.

Therefore, the intrinsic efficiency for a particular Tb isotope or isomer γ energy was calculated

using equation 4.15. This value was then multiplied by SR to obtain the intrinsic efficiency

of the HPGe detector for that energy. The error associated with this process is discussed in

appendix F.
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Figure 4.14: A plot of relative efficiency against γ energy. The RadWare relative
efficiency fit is shown in red and was produced from using the γ
peak data (black circular data points) of known 152Eu, 44Ti, 60Co
and 133Ba sources measured using the HPC HPGe detector with a
shaping time of 3 µs. The parameters A to G of the fit are also
display on the graph. The error for each parameter is given in
brackets.

4.5 Gamma energy selection

The predicted TALYS cross-sections for the Tb production from irradiating natEu with an

α beam were discussed in section 2.1. In order to measure the cross-section for each isotope

at different α energies, the total activity of each isotope needed to be measured. Measuring

each activity was carried out by selecting specific γ energies emitted by each isotope as it

decays and measuring the area under each peak and how these changed over time as the

isotope decayed.

Each of the Tb isotopes and isomers produced in the α+natEu reactions (151Tbm1, 151Tb,

152Tbm1, 152Tb, 153Tb, 154Tbm2, 154Tbm1, 154Tb, 155Tb, and 156Tb) are neutron light. There-

fore, these Tb nuclei will eventually decay to their respective Gd isobar nuclei. The Gd

nuclei then subsequently emit γ rays with energy specific to the nucleus. It is these γ en-
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ergies which were selected and used for cross-section and half-life analysis. Most of the Gd

isotopes produced from the Tb decays are stable or very long lived (152Gd). However, the

151Gd and 153Gd will then undergo subsequent decays to the stable isotopes of Eu.

The nuances of the decays of several Tb isomeric states were also considered. The 152Tbm1

isomer decays by internal conversion (IT) to the ground state of 152Tb in 78.9(6)% of the

decays that occur and the remaining 21.1(6)% of 152Tbm1, decays by electron capture (ec)

or β+ to 152Gd. TALYS calculated cross-sections also predict the production of the 151Tbm1

isomer. This decays by IT to the ground state of 151Tb in 93.4(20)% of the decays that

occur and the remaining 6.6(20)% of 151Tbm1 decays by ec or β+ to 151Gd. The 151Tbm1

isomer state has a half-life of 25(3) seconds and was too short to be recorded using the set-

up described in this chapter, therefore, only the 151Tb ground state decays were measured.

Terbium 154 production and decay is slightly more complected due to the presence of two

excited isomer states. Figure 4.15 depicts a simplified decay diagram of how the three states

of 154Tb decay. The importance of isomers decaying by internal conversion is discussed

further in chapters 5 and 6.

Where possible, a few γ energies were selected for each Tb isotope and isomer decay. For

the best results the γ energies emitted with the highest intensities were selected. However,

many different isotopes were present at once in each irradiated Eu foil, therefore, the γ

energies selected must also be distinguishable from any other γ rays emitted by the foil.

Consequently, it was important to understand the resolution limitations of each detector as

discussed in section 4.3.

Table 4.2 lists the energies of the γ rays (Eγ) and their intensities (Iγ) used to determine

the activity of each isotope. The Q-values for the production of each isotope are also shown.

Much of the γ energy and intensity information for each isotope was taken from NNDC [15].

However in a few cases the experimental data for this information was limited. For all of the
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Figure 4.15: A simplified decay diagram of how the three states of 154Tb decay.
The values were extracted from the NDS for A=154 [58]. The
nuclear energy levels of the isomeric state have not been measured
which is why they are labelled 0+x and 0+y. Note that the ec/β+

decays by do not immediately decay to the ground state of 154Gd
but a variety of excited states of 154Gd. The de-excitation of 154Gdm

produces the γ rays detected.

154Tb isomers the γ information was taken from IAEA [46]. The Nuclear Data Sheet (NDS)

sources used for these values are cited in the last column of table 4.2.

Note that the 586.27(7) keV γ emitted following the decay of the 152Tb ground state was

only used after the excited state of 152Tb had decayed away as the excited state emitted a γ

of 586.2(2) keV.

It is also important to note that the 160.51 and 161.29 keV γ emissions from 155Tb could

not be distinguished from each other in the spectra. Thus a weighted average of the two

γ energies and the sum of their intensities were used. Therefore, this peak was located at

161.118(83) keV and its intensity was 3.54(16)%.

The γ energies selected and listed in table 4.2 were checked against the NNDC and IAEA

databases for γ emissions of energies within the FWHM resolution of the detectors from
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the decay of Tb, Gd and Eu isotopes, as all these elements were likely to be made in the

irradiation process. The selected γ energies were also checked against γ emissions from

the potential products of α+Al interactions that would have occurred in the degrader foils.

Background spectra were also recorded and the energies of these peaks were measured and

compared to the selected energies in table 4.2 to ensure there was no overlap.
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4.6 Spectra collection

Once the stack of Eu/Al target foils had been irradiated with an α beam the nine Eu/Al

envelopes were placed in separate resealable bags. Two HPGe detectors, in separate rooms,

were used to collect the γ spectra of the nine foil envelopes. The schematic of these detectors

are shown in figures 4.5 and 4.6. A spectrum of a foil envelope was taken by a single plastic

bag containing a single foil envelope which was placed within a plastic holder at a distance

(u or v) from either of the HPGe detectors. The remaining seven foil envelopes were placed

away from the detector behind lead shielding to prevent any of the other foils affecting the

spectra being taken.

In order to produce decay curves and accurately determine the total activity of each isotope

at the point the α beam irradiation stopped, several measurements of the area under the

selected γ peaks needed to be measured. For this to be possible, several spectra must contain

peaks with significant statistical counts for each isotope. Thus several spectra must be taken

within 5-6 half-lives of the isotope being measured. As seen in table 4.2, the half-lives of

the isotopes and isomers of interest vary from 4.2 minutes to 5.35 days. Therefore, the

measurement time and number of spectra taken in a day was varied.

On the same day of irradiation many spectra were taken initially starting with 1 minute

measurement duration to monitor the decay of the 152Tbm1 isomer (4.2 minute half-life).

Due to the short time window and only two HPGe detectors available, only four irradiated

Eu foils could be monitored in this initial stage and still achieve enough data points to form

decay curves. Looking at TALYS predicted cross-sections and the energy ranges covered by

each Eu foil shown in figure 3.21, it seemed that the first few foils were likely to produce

larger numbers of the 152Tbm1 isomer. Therefore, the first four foils were chosen for the

initial 1 minute spectra monitoring. Foil 1 was placed in front of the G11 HPGe detector

and 20 one minute spectra were taken. Foils 2, 3 and 4 were rotated in front of the HPC
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HPGe detector and six 1 minute spectra were taken of each of the three foils. Thus, a total

of 38 spectra were collected to measure the decay of the 152Tbm1 isomer.

After this, all nine Eu foils were monitored separately between the two HPGe detectors.

A 15 minute spectrum was taken of each foil followed by a set of 30 minute spectra. The

following day an additional three 30 minute spectra were recorded for each foil and two sets

of 1 hour spectra were collected in the subsequent two days. Predominately, these spectra

were to monitor the decay of the isotopes and isomers with half-lives of less than a day

(151Tb, 152Tb and the 154Tb isomers).

Following this, a 2 hour, 5 hour and two 7 hour spectra were collected for each foil to ensure

enough data points were available for the 153Tb isotope with a 2.34 day half-life. Afterwards,

spectra of each foil were then collected 9-11 times over a period of 29 days after irradiation.

Each spectrum was taken for 10 -11 hours at a time to ensure the γ peaks of the 155Tb and

156Tb isotopes contained a significant number of counts. Therefore, after a period of 29 days,

a total of 209 spectra were collected to measure the decay of the isotopes and isomers (other

than the 152Tbm1 isomer).

Initially, the distance of the sources were approximately 13 to 15 cm from the face of the

detectors. This was to reduce the percentage error of the measured distance of the source

from the detector. However, due to a reduced length in planned irradiation time and current,

the statistics of each isotope was lower than planned and two days after irradiation the foils

had to be placed 4 to 5 cm from the detector. The plastic foil holder was fixed to the table,

but the distance from the foils to the detectors was measured regularly (with a ruler) in

case the detectors were accidentally knocked out of place. The distances were recorded and

were used in the geometric efficiency correction. The d parameter in table 4.1 lists all the

distances measured over the course of the data collection.
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4.7 Peak fitting

The cross-section values for the production of each isotope changes with α beam energy,

therefore, the ratio of the areas under the peaks of the different isotopes and isomers in the

spectra will change from foil to foil. In addition, the isotopes and isomers have differing

half-lives, thus, the ratios between the different isotope/isomer peaks will change with time

for the same foil. These differences will cause the spectra to look slightly different from

one another. However, in general, the same γ peak fitting principles were applied to all the

spectra. This section will discuss the fitting of the spectra collected as described in section

4.6.

A set of 60Co and 152Eu calibration spectra were taken on each detector at both the start

and end of the day to track any detector energy gain shifts. As described in section 4.2,

these calibration spectra were used to transform the channel numbers of the spectra of each

foil into their equivalent energy values.

As with the calibration spectra, the “gf3” fitting function of RadWare [55] was used to fit

skewed Gaussians to each of the peaks of interest given in table 4.2. There were a total of

247 spectra taken of the nine foils. The first 38 spectra were collected for the monitoring of

the nine γ peaks emitted by the short lived 152Tbm1 isomer, meaning a total of 342 peaks

were fitted for this isomer measurement over the four foils monitored. The remaining 209

spectra collected as described in section 4.6 were to measure the other isotopes and isomers

given in table 4.2. This involved the monitoring and fitting of up to 30 different energy

peaks of interest depending on which isotopes were present in the foil and on the time since

irradiation.

Figure 4.16 shows an example of a spectrum taken of foil 5, one day after the foil was

irradiated. The peaks of interest have been labelled with their isotope/isomer and energy
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values. Note that the isotopes 151Tb and 156Tb were not present in this foil and are thus not

labelled. Figure 4.17 is the labelled spectrum of foil 1 taken 10 minutes and 50 seconds after

α irradiation ceased. Here the nine 152Tbm1 isomer peaks are labelled.

Figure 4.16: Spectrum taken of foil 5 one day after the foil was irradiated. The
spectrum was collected for 30 minutes. The counts are given in a
log scale to enable the visibility of the high energy, lower statistics
peaks. The peaks belonging to the isotopes/isomers of interest are
labelled accordingly. The other peaks in the spectrum are either
background peaks or other energies emitted by the irradiated Eu
or Al foil.

With up to 30 peaks of interest stretching over a wide range of energies where the background

is affected by the Compton edged of other peaks in the spectrum, only small energy ranges

were fitted at a time. Figures 4.18 to 4.35 show example Gaussian fits for each of the 39

peaks of interest.

From each fit the width and area under each peak of interest were recorded along with the

associated errors. The areas were then corrected as discussed in sections 4.8 and used to

determine the activity of the isotopes/isomers. The widths (FWHM) of the peaks were used
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Figure 4.17: Spectrum taken of foil 1, 10 minutes 50 seconds after the foil was
irradiated. The spectrum was collected for 1 minute and is zoomed
in on a smaller energy range to enable the visibility of all nine
labelled γ peaks emitted by the 152Tbm1 isomer (labelled as 152Tb*).
The type of decay which the isomer undergoes when emitting these
γ photons is also included in the label.

to determine if the fit of each peak was appropriate and in agreement with the resolution of

each detector.

4.7.1 Short-lived isomer peaks

The following set of figures show example skewed Gaussian fits for each of the nine peaks of

interest emitted by the 152Tbm1 isomer. This excited state decays 78.9% of the time to the

ground state by internal conversion (IT). Otherwise, 21.1% of the time the 152Tbm1 isomer

decays by electron capture (ε) or β+ decay to 152Gd. The distinction between these two

decays are also denoted in the figures. In each figure the red line represents the spectrum

data and the black line is the fit.
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Figure 4.18: Fitting skewed Gaussians to the four lower energy 152Tbm1 isomer
decay peaks.

Figure 4.19: Fitting skewed Gaussians to the 358 and 472 keV 152Tbm1 isomer
decay peaks.

Figure 4.20: Fitting skewed Gaussians to the 527 and 647 keV 152Tbm1 isomer
decay peaks.
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Figure 4.21: Fitting skewed Gaussians to the 1167 keV 152Tbm1 isomer decay
peak.

4.7.2 Other isotope and isomers

The following set of figures show example skewed Gaussian fits for each of the 30 peaks

of interest emitted by the 151Tb, 152Tb, 153Tb, 154Tb, 154Tbm1, 154Tbm2, 155Tb, and 156Tb

isotopes and isomers. In each figure the red line is the spectrum datum and the black is the

fit.

Figure 4.22: Skewed Gaussians fitted to the 83 and 110 keV peaks from the decay
of the 153Tb isotope and the 105 peak from the decay of the 155Tb
isotope in a spectrum of foil 9 taken on day 5. The peaks were
fitted in two separate sections to allow the background to be fitted
accurately.
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Figure 4.23: Skewed Gaussians fitted in the 120 keV to 300 keV range of a foil 9
spectrum taken on day 5. This section was often fitted in two parts
to achieve a good background fit for each peak. In some spectra
the 212 keV peak emitted by the decay of 153Tb isotope was fitted
with the first set of peaks and in others the second.

Figure 4.24: Skewed Gaussians fitted in the 220 keV to 300 keV range of a foil
1 spectrum taken on day 2. In this spectrum (taken earlier than
figure 4.23), due to the higher energies of the α particles in this
foil, the 151Tb isotope and 154Tbm2 isomer decay peaks are visible.
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Figure 4.25: Skewed Gaussians fitted in the 350 keV to 500 keV range of a foil
1 spectrum taken on day 2. In this foil and energy range only the
427 keV 154Tbm2 isomer decay peak is visible.

Figure 4.26: Skewed Gaussians fitted in the 520 keV to 700 keV range of a foil
1 spectrum taken on day 2. In this spectrum both the 540 and
586 keV peaks of the 154Tbm1 and 152Tb decays, respectively, were
present.
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Figure 4.27: Skewed Gaussians fitted in the 520 keV to 700 keV range of a foil
9 spectrum taken on day 5. This foil was exposed to α’s of lower
energy thus the only peak of interest visible in this energy region
was that of the 534 keV γ from the decay of the 156Tb isotope. This
peak was fitted along with the other surrounding peaks to obtain a
good background fit.

Figure 4.28: Skewed Gaussians fitted in the 700 keV to 800 keV range of a foil
1 spectrum taken on day 2. The peaks of interest are labelled with
their isotopes and γ energy.
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Figure 4.29: Skewed Gaussians fitted in the 900 keV to 1100 keV range of a foil 1
spectrum taken on day 2. The 1061 keV peak of interest is labelled.

Figure 4.30: Skewed Gaussians fitted in the 1000 keV to 1200 keV range of a foil
9 spectrum taken on day 5. This foil was exposed to α’s of lower
energy, thus the 1065, 1154, and 1222 keV peaks produced from the
decay of 156Tb were visible. The first two peaks were fitted in this
energy range but the third was fitted separately as shown in figure
4.31.
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Figure 4.31: Skewed Gaussians fitted in the 1200 keV to 1300 keV range of a foil
9 spectrum taken on day 5. This foil was exposed to α’s of lower
energy thus the 1222 keV γ peak from the decay of 156Tb was visible
and fitted as shown.

Figure 4.32: Skewed Gaussians fitted in the 1200 keV to 1300 keV range of a foil
1 spectrum taken on day 2. The three 154Tbm1 isomer decay peaks
above 1200 keV are labelled with their γ energies.
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Figure 4.33: Skewed Gaussians fitted in the 1300 keV to 1450 keV range of a
foil 9 spectrum taken on day 5. This foil was exposed to α’s of
lower energy thus the 1422 keV peak of 156Tb decay was visible
and fitted as shown. This was difficult to fit, especially when the
statistics of the 156Tb were lower. This was because there was a close
neighbouring peak at 1420 keV, as labelled. This is the result of the
decay of 154Tbm2 and 154Tbm1. As these isomers decay, they emit a
1419.81(8) and 1419.4(7) keV γ ray with an intensity of 46% and
0.72%, respectively. In foil 9 the cross-sections for the production of
154Tb isomers are relatively small but this high intensity peak from
the 154Tbm2 decay can still be seen and is much more prevalent in
the lower numbered foils where the foil was exposed to α’s of higher
energy as demonstrated in figure 4.34.

Figure 4.34: Skewed Gaussians fitted in the 1400 keV to 1500 keV range of a foil
1 spectrum taken on day 2. The 1490 keV, 154Tbm1 isomer decay
peak is labelled along with the 1420 keV produced from the decay
of 154Tbm2 and 154Tbm1.
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Figure 4.35: Skewed Gaussians fitted in the 2000 keV to 2200 keV range of a foil
5 spectrum taken on day 2. The 2064 and 2187 keV peaks of the
154Tb ground state isotope decay are labelled.

4.7.3 Special case fits

In some spectra the fit of a peak was not appropriate or possible. For example for the

spectra collected with the HPC detector while its amplifier settings were 1 µs (instead of

3 µs), the resolution was poorer. Thus, it was not possible to clearly fit Gaussians to the

161 and 163 keV peaks of 155Tb isotope, the 1288 keV peak of the 154Tbm1 isomer, or the

647 keV peak of the 152Tbm1 isomer. Figures 4.36, 4.37 and 4.38 demonstrate why this was

the case. Therefore, these data points are missing from the decay curves used to determine

the activity of each isotope and isomer discussed in chapter 5.
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Figure 4.36: Two fitted spectra of the 161 and 163 keV peaks of 155Tb isotope
decay, taken using the HPC HPGe detector (a) before and (b)
after the amplifier settings were changed from 1 µs to 3 µs. As the
resolution improved the distinction between the two peaks became
clear enough to fit robustly (i.e. the areas of the peaks had the
correct ratios given their intensities).

Figure 4.37: Two fitted spectra of the 1288 keV peak of the 154Tbm1 isomer decay,
taken using the HPC HPGe detector (a) before and (b) after the
amplifier settings were changed from 1 µs to 3 µs. There was a
peak at 1290 keV which was difficult to separately fit before the
resolution was improved.
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Figure 4.38: Two fitted spectra of the 647 keV peak of the 152Tbm1 isomer de-
cay, taken using (a) the HPC HPGe detector before the amplifier
settings were changed from 1 µs to 3 µs and (b) using the G11
detector. There was a peak at 649 keV from the decay of 154Tbm2

and 154Tbm1 isomers which was difficult to separately fit before the
resolution was improved on the HPC HPGe detector. Therefore,
the 647 keV peak was not used for the half-life and cross-section
analysis discussed in chapter 5.

4.8 Count correction

The collection time for each spectrum was comparable to the half-life of the isotopes mea-

sured. Therefore, the count rate for the area under the peaks taken from fitting Gaussians

to the peaks was not a constant. The decay count correction can be applied to the areas

under the γ peaks to find the count rate (in s−1) of each peak at the start of the spectrum,

Ac. The count rate at the start of each spectra (Ac) was then corrected for the efficiency of

the detector and the geometry of the set-up for each spectrum taken.
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4.8.1 Decay count correction

Activity (A) can be expressed in two ways,

A =
dC

dt
(4.18)

and

A = Ace
−λt, (4.19)

where C = counts, t = time and λ = ln(2)
half-life . In this case Ac is the counts per second of

the source at the start of the spectrum being collected. Substituting 4.19 into 4.18 gives

equation 4.20

dC

dt
= Ace

−λt (4.20)

For the spectral data collected the total number of counts (C) was known for a particular

peak and the length for which that spectrum was collected (τ) was also known. Thus, Ac

was then found by standard integration between t = 0 and t = τ .

dC = Ac

∫ τ

0

e−λtdt

C = Ac

[
−e−λt

λ

]τ
0

C = Ac

[
−e−λτ

λ
−−1

λ

]
C = Ac

[
1− e−λτ

λ

]

Ac =
λC

1− e−λτ
. (4.21)
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Thus, to obtain the count per second of each peak in the spectrum at the start of the data

collection (Ac) then equation 4.21 was used where C is the total number of counts under a

γ peak. (The error on the Ac calculation is discussed in appendix G).

4.8.2 Efficiency count correction

The corrected counts per second under each γ peak (Ac) were then corrected for the efficiency

of the set-up. As described in section 4.4, the geometric set-up of the source and detector as

well as the efficiency of the detector and the intensity of the γ peak needed to be accounted

for to obtain the activity, AE, of the isotope at the start of each spectrum that was collected.

Rearranging equation 4.12 and substituting N/time with Ac

AE =
Ac

ϵiIγfA
. (4.22)

As explained in section 4.4, the intrinsic efficiency (ϵi) for each Tb γ energy peak was

calculated. Depending on the distance and physical state of the source (foil sheet or powdered

form), the appropriate geometric efficiency correction value (fA) was taken from the disk

source approximation in table 4.1. The intensity of the γ peaks (Iγ) were taken from table

4.2. The error on the calculation of AE is presented in appendix H.
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By the end of these corrections, the activity of each isotope at the start of each spectrum

AE was extracted for each γ energy of interest (see table 4.2) in each spectrum. In order to

calculate cross-section for the production of each isotope and isomeric state in each foil then,

the activity at the end of α irradiation (AT ) needed to be determined along with accurate

knowledge of the half-life of each isotope and isomeric state, and the thickness of the Eu foil.

The foil thickness was previously measured and is discussed in section 3.1. The following

chapter details the next stage of analysis used to extract new half-life measurements for six

out of nine Tb states measured as well as cross-section measurement values calculate from

the AT values extracted from the γ spectra data.

115



Chapter Five

Cross-section and half-life measurements

and results

After the initial stages of analysing the raw γ spectra of the irradiated natEu foils (discussed

in chapter 4) the activity (AE) for each γ peak of the Tb isotopes present at the start of each

spectrum were extracted. The total activity of each isotope at the end of α irradiation (AT )

is required for the cross-section measurements of each isotope. In order to obtain values for

AT the next stage of analysis was to plot decay curves for each γ peak.

5.1 Decay curves

As expressed in equation 4.19, the activity of a radioactive isotope, A = A0e
−λt is dependent

on the initial activity (A0), time (t) and the half-life of the isotope as λ = ln(2)
half-life . For each

isotope peak A0 = AT and AE (see equation 4.22) is A. Taking the natural log of the decay

equation gives,

lnAE = lnAT +
ln(2)

half-life
t. (5.1)
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A decay curve for each isotope peak in each of the nine foils was produced by plotting lnAE

against the start time of each spectra since the end of α irradiation of the foil. If no other

isotopes or isomers were decaying into the isotope/isomer being plotted in the decay curve,

then the plot would form a straight line. Therefore, a straight line was fitted to each set of

data using least squares fitting. Referring to equation 5.1, the gradient and intercept of each

fit could be used to extract the half-life,

half-life =
ln(2)

gradient
, (5.2)

and total isotope activity at the end of the α irradiation,

AT = eintercept, (5.3)

respectively. Therefore, the decay curve fits were used to extract the AT value for each γ

energy peak of interest in each foil in addition to measuring the half-life of the isotopes. The

AT values extracted from these decay curves were then used to calculated cross-sections.

Moreover, for some of the isotopes, the data were sufficiently good to make new, statistically

significant, half-life measurements. In these cases, the half-life measurements were compared

to the currently published values that are shown in table 4.2 and are discussed in the relevant

isotope section of this chapter. A summary of the new half-life measurements is given in

table 6.1 in chapter 6.

For a reliable fit of the decay curves it was important to cut off low statistical data because

such data were unreliable as the peaks were more likely to be affected by statistical noise.

Moreover, after a length of time there appeared to be a significant jump in relative error on

ln(AE). For example, the relative errors for foil 1 153Tb ln(AE) data were less than 2% for

data taken on day 12 or before. After this time the relative error jumped to 6% or greater.

This sudden increase in error was seen in many of the ln(AE) data sets and occurred around
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the time where the Ac value decreased below 0.1 counts per second. Therefore, for all of

the decay curves, spectra data were not included if the peak had an Ac value of less than

0.1 counts per second. However, if this cut-off occurred where the spectra were taken over

shorter time periods then subsequent longer collection time spectra data were included if

the total counts under the peak was larger than that for the “cut-off” spectrum because the

relative errors of these longer spectra were in-keeping with shorter spectra where Ac>0.1 s−1.

5.2 Half-life measurements

For the majority of these Tb isotopes and isomers, the half-lives have not been measured

since the 1970’s. As part of the analysis with the Tb data collected, the half-lives of these

isotopes and isomers were measured using the gradient of the decay curves as explained in

equation 5.2. Each foil and γ energy monitored as part of the cross-section analysis pro-

duced a separate decay curve. Each decay curve provided a separate half-life measurement.

Therefore, for many of the isotopes and isomers, multiple repeat measurements of their half-

lives were made. The error of each half-life measurement was calculated from the error on

the gradient of the fit and by using standard error propagation of equation 5.2. For the

isotopes where a new half-life measurement was possible, a weighted average of each half-life

measurement was taken to obtain a final value for the half-life of each isotope.

5.3 Cross-section measurements

Accurately knowing the half-life and initial activity of the isotope at the end of irradiation

(AT ) is crucial for accurately determining the cross-section of interaction. As explained in

section 3.4 the beam current was not constant throughout irradiation. Therefore, equation
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5.4 (previously stated in equation 3.8 but repeated here for convenience) was used to deter-

mine the cross-section. The factor Y (see equation 3.7) depended on the beam current and

the half-life of the isotope (or isomer) being produced. If new measured half-life values were

produced in the decay curve analysis then these were used to calculate Y for each isotope.

Otherwise, the previously established NNDC and IAEA half-life values or the were used

instead.

The foil thickness (21.3±0.5 µm) was used to calculate Ntarget according to equation 2.4.

Then Y and Ntarget were used to calculate the cross-section,

σ =
AT

Y ·Ntarget

, (5.4)

for each γ energy in each foil. The separate γ energy measurements of AT within the same

foil effectively acted as repeat readings of AT . Therefore, repeat measurements of cross-

sections for a particular foil (or α energy range) were achieved. For each foil a weighted

average was taken of the cross-section measurements calculated from the separate γ energies

and a weighted error was also calculated from each cross-section measurement for each foil.

The final cross-section measurements for each Tb isotope and isomeric state are given in

tables 5.2 to 5.10 in section 5.5. The α energy range and average α energy of each foil is also

given in these tables. Refer back to section 3.3 (table 3.7) for the discussion and calculation

of these foil α energies.

5.4 Intrinsic efficiency correction

However, before the AT and half-life values could be extracted from the decay curve plots, a

systematic error within the data was identified and was corrected. This systematic error was
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connected to the efficiency correction. Figure 5.1 shows an example decay curve of the 105

keV γ energy of the 155Tb isotope before (a) and after (b) the extra correction was applied.

Before the extra (intrinsic) efficiency correction was applied (figure 5.1(a)), there was a

discontinuous drop in the lnAE values with respect to time after the first four points in the

data. This discontinuity was present at the same point for all energy peaks and isotopes. The

point of discontinuity occurred a the time where the foil-detector separation was reduced.

The foils were originally 13.5 or 15 cm from the HPC or G11 detector, respectively. However,

the unplanned reduction in beam current and irradiation time profoundly affected the total

activity of the foils. Therefore, after the first four measurements were taken, the foils were

brought closer to the detector, between 4.45 and 5.3 cm, to increase the statistics of the

spectra. It was originally assumed that the geometric efficiency correction discussed in section

4.4.2 would account for the efficiency change that would occur as foil-detector separation

changed, but this was proven not to be the case. The following will discuss why this is

the case and how the data were corrected to produce decay curves like that shown in figure

5.1(b).

When the source is closer to the face of the detector there is a larger range of angles for

which an emitted γ ray can strike the surface and travel through some of the detector

crystal. The change in incident angle will affect how much of the crystal is exposed to the γ

ray and will therefore affect the efficiency of producing a photo-peak contributing interaction

(i.e. affecting the intrinsic efficiency of the interaction). In short, for larger source-detector

distances, the γ rays that strike the detector face are travelling “more parallel” to the detector

axis than those emitted from a source placed closer to the detector, and, therefore, have a

longer path length in the crystal and thus a higher interaction possibility which leads to a

higher intrinsic efficiency than a simple solid angle correction would predict. The energy of

the photon may also contribute to the changes of intrinsic efficiency with distance, due to the

different path lengths, [63]. However, this work focused on γ energies greater than 100 keV
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and a strong energy dependence was not observed in these data. The intrinsic efficiency

correction used was found to work well, as detailed below.

(a) Before extra intrinsic efficiency cor-
rection.

(b) After extra intrinsic efficiency correc-
tion.

Figure 5.1: Both (a) and (b) are decay curves of Foil 9 produced using the data
from the 105 keV γ energy emitted by the decay of the 155Tb isotope.
Before the correction is applied (a) there is a clear discontinuity
after the first four data points. The first three were when the foil
was 15 cm from the detector face and, for point four, the foil was
13.5 cm from the detector. For all subsequent data points the foil was
placed between 4.45 and 5.3 cm from the detector. After the extra
intrinsic efficiency correction is applied (b) there is no discontinuity.

To determine the angle and energy dependence of intrinsic efficiency, the 152Eu calibration

source was placed at all of the distances given in table 4.1 (these were the same distances

used when collecting the irradiated natEu foil spectra). A 152Eu spectrum was collected for

an hour at each of these distances and intrinsic efficiency was calculated for the main γ peaks

in the spectrum using equation 4.12. A comparison ratio was made between the intrinsic

efficiency measured for a source at each distance (dx) to the intrinsic efficiency measured

when the source was 15 cm from the detector face, such that

ratio =
Intrinsic efficiency for γG at distance dx from the detector

Intrinsic efficiency for γG at 15 cm from the detector
. (5.5)
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(a) 4.45 cm (b) 4.55 cm

(c) 4.6 cm (d) 5.3 cm

Figure 5.2: Intrinsic efficiency ratio with respect to γ energy for four source
distances. The ratio data points were calculated using equation 5.5.
There was no significant trend with respect to γ energy, therefore
a weighted average of the ratio points in each graph was taken and
this can be seen by the orange line. The pale orange band represents
the calculated weighted error for the weighted average ratio.

The ratios were calculated for each main γ energy in the 152Eu spectra and figure 5.2 displays

four example graphs of the calculated intrinsic efficiency ratios of each γ energy for four closer

distances.

For each distance, there was no significant trend with respect to γ energy, therefore, a

weighted average of the ratio points across all the γ energy peaks for each distance was

taken and these are shown by the orange line in each graph in figure 5.2. The pale orange

band represents the calculated weighted error for the weighted average ratio for each distance.
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Figure 5.3 displays the weighted ratios for each distance. As expected (according to Ref [64]),

the intrinsic efficiency is poorest when the source distance is comparable to the diameter of

the detector (4.54-4.93 cm).

Figure 5.3: Weighted averaged intrinsic efficiency ratios (compared to a 152Eu
source at 15 cm from the faces of the detector) as a function of
distance from the face of the detector. The LSF linear fit (dotted
green line) acts only as a guide for the eye. The ratio to distance
relationship is non-linear as discussed in Refs [63, 64],

The ratio data points for distances 4.45, 4.55 and 4.6 cm were all within error of each other

and very close in value, therefore to simplify the correction process a weighted average of

their ratios was taken to produce a correction ratio of 0.65±0.01. This correction ratio was

use to correct the original AE values for the 4.45, 4.55 and 4.6 cm foil spectra data. The

correction ratios for each distance from the face of the detector are given in table 5.1. The

original AE values were corrected by

AE(corrected) =
AE(original)

correction ratio
, (5.6)
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Table 5.1: The weighted average intrinsic efficiency correction ratio with respect
to the intrinsic efficiency measured at 15 cm from the HPGe detector face.

Distance from HPGe
detector face (cm)

Weighted average
correction ratio

Weighted error on
correction ration

13.5 0.92 0.02
5.3 0.71 0.02
5.1 0.64 0.02

4.45, 4.55 or 4.60 0.65 0.01

and standard error propagation methods were used to calculated the error on AE(corrected),

incorporating the error from the correction ratio.

Having corrected for the change in intrinsic efficiency with distance, the decay curves were

then plotted and the gradient and intercept values extracted for half-life and cross-section

analysis. Section 5.5 discusses the nuances of the analysis of each isotope half-life and cross-

section result extracted from the decay curves.

5.5 Decay curve, half-life and cross-section analysis and

results for each isotope

5.5.1 Terbium - 151

The cross-sections calculated using TALYS (see figure 2.3) would suggest that both the

ground state and excited isomer state of 151Tb are formed in α+natEu reactions. However,

as discussed in section 4.5, the excited state decays with a half-life of only 25 seconds which

was too short to be observed in any of the γ spectra collected. Therefore, only the ground

state of 151Tb was present in the nine irradiated foils during spectra collection. This meant

that the half-life of the γ peaks measured from the decay of 151Tb would only depend

on the half-life of the ground state. Moreover the total activity of 151Tb produced (AT )
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would effectively be the sum of the production by direct reaction and indirect (through the

decay of the excited state) reaction. Because no independent information was known about

the production of the 151Tbm1 then these two ground state production paths could not be

separated. Therefore, the cross-section measurement for 151Tb detailed below is an effective

cross-section which includes 100% of the direct reaction and 93.4% (the branching ratio of

IT) of the cross-section for 151Tbm1.

As previously mentioned in table 4.2, two γ energies were used to study the decay of the

151Tb isotope, the 252 and 287 keV peaks with Iγ values of 26.3% and 28.3%, respectively.

The presence of 151Tb γ peaks only occurred in the first two foils. Therefore, only four

decay curves were plotted. The γ peak area statistics in the spectra used to produce the

decay curves were relatively poor especially in foil 2, thus, measuring the half-life of the

decay from these four decay curves was unreliable. Therefore, the NNDC half-life value (see

table 4.2) was used to constrain the half-life of the decay curve fits. The gradient of the fits

were allowed to vary within the quoted NNDC half-life error. An example of a decay curve

produced by the 287 keV data from foil 1 is shown in figure 5.4.

The intercept values were then used in equation 5.3 to extract the AT values for the four

decay curves. Equation 5.4 was subsequently implemented (with Y calculated using the

NNDC half-life value for 151Tb) to obtain four cross-section measurements; two for foil 1 and

two for foil 2. For each foil a weight average of the two cross-section values were taken and

the final cross-section results are given in table 5.2.

Table 5.2: Cross-section values for the production of 151Tb from α+natEu reac-
tions measured in two irradiated natEu foils. The α beam energy range of each
foil is also given.

natEu
Foil

Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 18(1)
2 36.06 36.86 37.64 5(1)
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Figure 5.4: A decay curve produced using the data from the 287 keV γ en-
ergy emitted by the 151Tb isotope in foil 1. The gradient of
the LSF was constrained by the previously known half-life value
17.609±0.014 hours. The χ2/ndf of the fit was 1.7.

5.5.2 Terbium 152 excited state

The excited state of 152Tb (152Tbm1) was previously measured to decay with a half-life of

4.2±0.1 minutes [65]. Due to this state decaying much faster than the other isomers and

isotopes measured in this study, the γ spectra collection process for 152Tbm1 was limited to

the first four foils in the nine foil stack (as explained in section 4.6). Only six 1 minute spectra

were collected within the fist nine half-lives of the isomer from foils 2, 3, and 4. However,

20 consecutive, one minute spectra were collected of foil 1 within the first eight half-lives of

the isomer. The spectra from foil 1 provided excellent quality data for the construction of

decay curves, an example of which, for the 283 keV γ, is shown in figure 5.5. In each of the

four foils, seven γ energy peaks produced from the decay of 152Tbm1 were measured across
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all 38 spectra to produce the decay curves. These peak energies were 160 keV (16.6%), 235

keV (4.2%), 277 keV (8.5%), 283 keV (59.8%), 386 keV (3.27%), 472 keV (11.8%) and 1167

keV (3.7%). Note that the 647 keV γ emission was also monitored, however, as explained in

section 4.7.3, this peak overlapped with γ emissions from the 154Tbm2 and 154Tbm1 isomers.

Therefore, the 647 keV data were not used.

Figure 5.5: Foil 1 decay curve produced using the data from the 283 keV γ energy
emitted by the decay of the 152Tbm1 isomer in foil1. The χ2/ndf of
the fit was 0.2.

A weighted average of the 7 half-lives extracted from the gradient of the 7 decay curves

of foil 1 was calculated to obtain a new half-life measurement of 4.22±0.02 minutes. This

measurement agrees with the previously determined value but improves upon the precision

of the measurement. The newly determined value was used to constrain the gradient of the

decay curve fits of foils 2, 3 and 4 as there were very few (3 to 6) points in these data sets.

Figure 5.6 displays a couple of example decay curves for foils 2 and 4 where the gradient was

constrained within the errors of the newly measured half-life. In both of these graphs the
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(a) Foil 2, 283 keV. The χ2/ndf of the fit
was 1.3.

(b) Foil 4, 472 keV. The χ2/ndf of the fit
was 0.4.

Figure 5.6: Decay curves of the 152Tbm1 isomer where the gradient of the
linear LSF was constrained by the newly measured half-life of
4.22±0.02 minutes.

points aligned well with the gradient and this was true for all the other 152Tbm1 γ energy

and foil decay curves.

Table 5.3: Cross-section values for the production of 152Tbm1 from α+natEu
reactions measured in four irradiated natEu foils. The α beam energy range of
each foil is also given.

natEu
Foil

Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 342(7)
2 36.06 36.86 37.64 328(10)
3 34.46 35.35 36.19 282(9)
4 32.81 33.77 34.71 212(13)

The intercept value of each of decay curve was used in equation 5.3 to extract the AT values.

Equation 5.4 was then implemented (with Y calculated using the newly measured half-life

value for 152Tbm1, 4.22±0.02 minutes) to obtain seven cross-section measurements for each

of the four foils. A weighted average was taken of the seven cross-section measurements

calculated for each foil to provide the final cross-section results. These are provided in table

5.3.
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5.5.3 Terbium - 152

Four γ energies were used to study the decay of the 152Tb isotope from the ground state,

these were 271, 586, 764 and 778 keV peaks with Iγ values of 9.53%, 9.21%, 2.74% and 5.54%,

respectively. The data for the 586 keV peak taken using the HPC HPGe detector when the

shaping time was 1 µs (and thus the resolution was poorer) were excluded from the decay

curves. This was because of the presence of a background peak with a slightly lower energy

which was indistinguishable from the 586 keV peak in these specific spectra.

The 152Tb γ peaks are visible in the first seven irradiated natEu foils and the statistics of these

peaks were sufficient to produce 28 decay curves. An example decay curve produced by the

271 keV data from foil 1 is shown in figure 5.7. As mentioned in section 4.5, 78.9% of the time

the 152Tbm1 isomer state decays by internal conversion to the ground state. Therefore, the

decay curve of the 152Tb ground state would not be expected to be linear in time. However,

the spectra data collection for the 152Tb ground state did not occur until after at least nine

half-lives of the isomer state had passed. Therefore, over 99.8% of the isomer state had

already decayed before the 152Tb ground state spectra data collection began. The impact of

this was that, for all the 152Tb ground state data collected, the decay of ground state was no

longer dependent on the decay of the isomeric state and solely depended on its own decay.

This is why a linear fit was applied to the 152Tb ground state decay curves and meant that

the half-life of the ground state could be accurately extracted from these plots.

The current published value for the 152Tb half-life is 17.5±0.1 hours as extracted from the

A=152 Nuclear Data Sheets [56]. This value is a weighted average of two experiments,

however, the final value was the same as that obtained in 1967 (see Ref. [66]). In this

1967 study, the 344 keV γ transition was used to measure (with a Ge(Li) detector) the

half-life in addition to using a β counter. Now, more than 50 years on, more modern,

higher-resolution germanium detectors are available and were used to collect the spectra
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Figure 5.7: Foil 1 decay curve produced using the data from the 271 keV γ energy
emitted by the 152Tb isotope as it decayed. The χ2/ndf of the fit was
2.7.

that produced the 28 independent decay curves of the 152Tb ground state. Therefore, 28

independent measurements of the 152Tb half-life were obtained from the gradient of the decay

curves. A weighted average of these provided a new half-life measurement of 17.07±0.07

hours.

The 152Tb ground state data presented in the decay curves was effectively the accumulation

of the direct production and 78.9% of the 152Tbm1 isomer production from the α+natEu foil

irradiation process. The ground state is a Tb isotope of medical interest and thus knowledge

of the total production of the ground state is key for furthering this production method for

medical use, and so it was not essential to measure the cross-section for solely the direct

production of the ground state. For medical production, it is important to know the total

production likelihood of a reaction with energy, thus extracting the cross-section for the
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Table 5.4: Cross-section values for the total production of 152Tb ground state
from direct and indirect α+natEu reactions. These cross-sections were measured
in seven irradiated natEu foils. The α beam energy range of each foil is also given.

natEu
Foil

Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 409(9)
2 36.06 36.86 37.64 397(9)
3 34.46 35.35 36.19 355(8)
4 32.81 33.77 34.71 286(7)
5 31.08 32.16 33.18 201(5)
6 29.30 30.47 31.59 101(3)
7 27.45 28.72 29.97 25(1)

direct reaction accumulated with the indirect reaction was the main focus of this work.

Therefore, the intercept values of each of the 28 decay curves were used in equation 5.3 to

extract the effective AT values for γ energies for the total production of the ground state in

the 7 foils.

Equation 5.4 was then implemented (with Y calculated using the newly measured half-life

value for 152Tb, 17.07±0.07 hours) to obtain four cross-section measurements for each of the

seven foils, and a weighted average of these four results yielded a final cross-section for each

foil α energy range. The final results are given in table 5.4.

5.5.4 Terbium - 153

There were three γ energies (82, 110, and 212 keV) emitted by the 153Tb isotope that were

monitored for a total 20 days in each of the nine foils. Figure 5.8 shows an example of a

153Tb isotope decay curve produced using the AE data from the 212 keV γ ray. The 212 keV

γ energy was emitted with an intensity of 28.5%. The very clear and high statistics peak

meant data were collected for 6-8 half-lives, for which the literature value is 2.34±0.01 days

[60]. The lower intensity peaks at 82 and 110 keV (5.4% and 6.4%, respectively) provided
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usable data for 4-6 half-lives of the 153Tb isotope. Unfortunately, while producing the decay

curves for the 82 keV peak, it was found that this energy region was impacted by scattered

lead X-rays. It was impossible to subtract the effect of this from the 82 keV peak area data

and it subsequently affected the decay curve of this energy. Therefore, the data from the

82 keV peak were not included in the subsequent half-life and cross-section measurements.

Figure 5.8: Foil 7 decay curve produced using the data from the 212 keV γ energy
emitted by the 153Tb isotope. The χ2/ndf of the fit was 0.6.

The current published value for the 153Tb half-life is 2.34±0.01 days as extracted from

the A=153 Nuclear Data Sheets [60]. This value was 92% weighted on the measurement

published in 1970 [67]. In Ref [67] the 153Tb half-life was measured using the 212 keV γ

peak and an unspecified Gd K X-ray for at least three half-lives. The γ ray was measured

using a Ge(Li) detector and the X-ray with a 2-mm-thick NaI(Tl) detector. There were

five determinations of the half-life for which a weighted average and error was calculated to

obtain the final measurement.
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Table 5.5: Cross-section values for the production of 153Tb from α+natEu reac-
tions measured in nine irradiated natEu foils. The α beam energy range of each
foil is also given.

natEu
Foil

Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 141(4)
2 36.06 36.86 37.64 124(3)
3 34.46 35.35 36.19 150(3)
4 32.81 33.77 34.71 215(5)
5 31.08 32.16 33.18 316(7)
6 29.30 30.47 31.59 395(9)
7 27.45 28.72 29.97 461(10)
8 25.48 26.90 28.25 440(10)
9 23.40 25.00 26.46 383(8)

The 153Tb decay-curves produced from the α+natEu reaction in the nine foils spanned a

time range of four to eight half-lives. There were two γ energies monitored (110 and 212

keV) and there were nine foils that were separately measured. Therefore, a total of 18

decay curves were produced and thus a total of 18 half-life measurements were made. The

weighted average of these 18 values produced a 153Tb half-life of 2.291±0.006 days. This

half-life measurement is shorter than the current value, however, it was measured using

higher resolution germanium detector and multi channel analysers set-up where the FWHM

of a 650 keV was 1.5 keV instead of 40 keV [67]. This improvement in resolution would

ensure no other γ energies present near the selected peak were included in the measurement

of the peak. Moreover, this new measurement was produced by averaging over more repeat

measurements (18 instead of 10). All of these factors combines to enable the improvement

in the precision of the 153Tb half-life measurement. Therefore, this new value for half-life

was subsequently used for the remainder of the cross-section analysis.

The intercept values for each of the 18 decay curves were used in equation 5.3 to extract the

AT values. Equation 5.4 was then implemented (with Y calculated using the newly measured

half-life value for 153Tb , 2.291±0.006 days) to obtain two cross-section measurements for
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each of the nine foils. A weighted average was taken of the two cross-section measurements

calculated for each foil to provide the final cross-section results. These are provided in

table 5.5.

5.5.5 Terbium - 154

The isotope 154Tb exists and was produced in a ground state and two excited, isomeric states.

Numerous studies of this isotope and its isomers have been made and are cited in the NDS

for A=154 [58]. Using a previous 1973 study [68] as an example, the half-life of the three

states were monitored through the emission of the 2064 and 2187 keV γ from the decay of

the ground state; the first excited state was measured through the 540 keV emission; and

the second excited state with the 226 keV γ emission. Thus these γ energies were selected

for this new measurement and additional γ energies (see table 4.2) were also monitored.

The analysis and results for each of the three states of 154Tb are detailed in the following

subsections.

Terbium - 154m2

In addition to the 226 keV (27(3)%) γ emission previously used to measure the decay of

154Tbm2, the γ energies 427 keV (17.3(12)%) and 1061 keV (4.1(7)%) were also monitored.

Decay curves for these three energy peaks were produced for the first seven foils in which

the isomer was present. Figure 5.9 shows an example decay curve plot for each energy where

a straight-line fit was applied to the data. Although the number of data points for the

1061 keV peak decay curves were limited, all three energies appear to display linear decay

curve behaviour.

The average half-lives from the three energies varied and the weighted averages for each γ are
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(a) Foil 3 decay curve from the 226 keV
γ emission. The χ2/ndf of the fit was
0.3.

(b) Foil 3 decay curve from the 427 keV
γ emission. The χ2/ndf of the fit was
0.4.

(c) Foil 1 decay curve from the 1061 keV
γ emission. The χ2/ndf of the fit was
0.6.

Figure 5.9: Decay curves produced from three different γ energies emitted by
the 154Tbm2 isomer state as it decays.
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given and discussed here. The 226 keV produced a half-life of 24.0±0.2 hours; the 427 keV

produced a half-life of 22.9±0.2 hours; and the 1061 keV produced a half-life of 11.4±0.3

hours. The published NDS half-life value [58] for the decay of 154Tbm2 is 22.7±0.5 hours.

The half-life of the decay curves produced by the 1061 keV peak data was significantly lower

than this. After further investigation is was found that the 154Tbm1 state with a half-life of

9.4 hours [58] also emitted a 1061 keV peak with an intensity of 0.14(3)%. This was initially

dismissed because of the low emission intensity by 154Tbm1 as it decays and low predicted

TALYS cross-section for the production of the 154Tbm1 isomeric state. However, during

the analysis it was found that the 154Tbm1 state was produced with 20 times the activity

of the 154Tbm2 level. Therefore, the statistics within the 1061 keV peak were significantly

influenced by the half-life of the 154Tbm1 state. Due to this additional contribution, the data

from the 1061 keV peak were excluded from the half-life and cross-section results for the

154Tbm2 state.

The half-lives produced from the 226 and 427 keV peaks agree with each other at the level of

3.8 standard deviations. They are both also within error of the published values [69, 68] used

in a weighted average to obtain the NDS value of 22.7±0.5 hours [58]. A weighted average

half-life from the 226 and 427 keV decay curve data collected from the α+natEu reactions

gives a value of 23.58±0.15 hours. This new half-life measurement is 1.7 standard deviations

from the NDS half-life value.

To determine the cross-section measurements for the production of 154Tbm2 in the seven

foils, the intercept values for each of the seven 226 and 427 keV decay curves were used

in equation 5.3 to extract the AT values. Equation 5.4 was then implemented (with Y

calculated using the newly measured half-life value of 23.58±0.15 hours) to obtain two cross-

section measurements for each of the seven foils. A plot of these cross-section results as a

function of α energy is shown in figure 5.10. This figure shows a distinct (more than one

standard deviation) separation between four (out of the seven) cross-section results produced
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by the two γ energies. Compared to the other Tb isotope and isomeric state cross-section

data where the cross-sections calculated by different γ energies are within errors of each

other, this greater variation between the two 154Tbm2 cross-section measurements may have

been due to the relatively low original activity of 154Tbm2. Future experiments would be

needed to verify the results given here, where a greater activity of 154Tbm2 is produced. This

would improve the statistics and thus reliability of the final results.

Figure 5.10: Measured cross-section results for the production of 154Tbm2 using
data from two γ energies, 226 (blue) and 427 (orange) keV, as a
function of α energy.

Due to the lower activity and consequently greater variation in the 154Tbm2 results, the final

cross-section measurement for each foil was obtain by averaging the 266 and 427 keV results.

The positive error margin was taken at the maximum 226 keV data error and the minimum

error margin was taken as the lower 427 keV error margin (except for the highest α energy

cross-section where the 266 and 427 keV data points are reversed, see figure 5.10). The final

cross-section results and errors are provided in table 5.6.

137



Cross-section and half-life measurements and results

Table 5.6: Cross-section values for the production of 154Tbm2 from α+natEu
reactions measured in seven irradiated natEu foils. The α beam energy range of
each foil is also given.

Eu Foil
Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 58+4
−5

2 36.06 36.86 37.64 56+4
−5

3 34.46 35.35 36.19 53+6
−6

4 32.81 33.77 34.71 44+7
−6

5 31.08 32.16 33.18 35+4
−4

6 29.30 30.47 31.59 23+3
−4

7 27.45 28.72 29.97 9+1
−1

Terbium - 154m1

As well as looking at the universally used 540 keV γ emission, four additional γ energy

emissions of the 154Tbm1 isomer decay were monitored in the irradiated nine foils. However,

the intensities of the other γ emissions were relatively small, 0.5-1.5% compared to the 20%

intensity of the 540 keV emission. This drastically impacted the statistics of these four peaks,

therefore, it was decided to only use the 540 keV data for the production of decay curves to

enable reliable and precise half-life and AT measurements.

Nine decay curves of the 540 keV γ emission were produced, one from the data of each

irradiated natEu foil. Data used in the decay curves covered a 3-9 154Tbm1 half-life time

period. The foil-3 decay curve is given as an example in figure 5.11. In a previous study

of this isomer [68] there was in indication that 154Tbm2 was decaying into the middle (m1)

isomeric state. The data used by Jaffy et al. [68] to support this case is shown in figure 5.12.

However, the decreasing gradient curvature plotted over the data relied on only two data

points, both with large error bars. Moreover this curve in the data could have also been due

to background that was unaccounted for. Considering these arguments for the shape of the

data in figure 5.12 it would be difficult to conclude that there was definitely a component of
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Figure 5.11: Foil 3 decay curve produced using the data from the 540 keV γ
energy emitted by the 154Tbm1 isomer. The χ2/ndf of the fit was
0.1.

154Tbm2 decay.

There was no observed curvature in the 154Tbm1 decay curves produced from the α+natEu

irradiated foils. If there was a dependence on the 154Tbm2 isomer, a reason why this may

not be visible is because 154Tbm2 decays by IT only 1.8% of the time and in these irradiated

foils the production of the 154Tbm1 state was 20 times that of the 154Tbm2 state. Moreover,

the curve in the 1973 [68] data shown in figure 5.12 was only visible after 100 hours and

the data collected for this new measurement was studied for up to 85 hours. Therefore, the

effect of 154Tbm2 was assumed to be negligible and a linear LSF was applied to each graph,

like that shown in figure 5.11.

The current published value for 154Tbm1 half-life is 9.4±0.4 hours as extracted from the

A=154 Nuclear Data Sheets [58]. This value is an unweighted average of several publications.
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Figure 5.12: Activity (in counts per minute) of the 154Tbm1 isomer produced in
1973 [68] from the 540 keV γ energy data. This decay curve was
then fitted assuming the 154Tbm1 isomer decay was affected by the
decay of the 154Tbm2 isomer.

Using the data from the nine irradiated foils discussed in this thesis, a weighted average of

the nine half-life values calculated from the nine decay curve gradients produced a new half-

life value of 9.43±0.04 hours. This value is in agreement with the published average value

and improves upon the precision of previous work.

The intercept values for each of the 9 decay curves were used in equation 5.3 to extract the

AT values. Equation 5.4 was then implemented (with Y calculated using new half-life value

of 9.43±0.04 hours) to obtain a cross-section measurement for each of the nine foils. These

are provided in table 5.7.
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Table 5.7: Cross-section values for the production of 154Tbm1 from α+natEu
reactions measured in nine irradiated natEu foils. The α beam energy range of
each foil is also given.

Eu Foil
Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 526(19)
2 36.06 36.86 37.64 540(21)
3 34.46 35.35 36.19 519(19)
4 32.81 33.77 34.71 468(19)
5 31.08 32.16 33.18 380(17)
6 29.30 30.47 31.59 236(9)
7 27.45 28.72 29.97 109(6)
8 25.48 26.90 28.25 26(3)
9 23.40 25.00 26.46 22(2)

Terbium - 154 ground state

In addition to the 2064 (7.1(3)%) and 2187 keV (9.9(8)%) γ energies, the 705 keV (4.8(3)%)

γ ray was also used to monitor the decay of the 154Tb ground state. However, the activity

measurements from this energy did not follow the same trend as the other two energies. This

needs further investigation but for the purpose of the rest of the 154Tb ground-state analysis

only the 2064 and 2187 keV data were used.

As stated previously in section 4.5, figure 4.15 shows how these 154Tb isomeric states either

decay directly to 154Gd or via the 154Tb ground state. As discussed above, the decay curves of

the isomer states were linear with respect to time, implying only a single half-life component

was present in each. This was not true for the ground state. Extracting information from the

A=154 NDS [58] and the measurements made above, the 154Tb ground-state decays with a

half-life of 21.5 hours, the 154Tbm1 isomer decays with a much shorter half-life of 9.43 hours

and the 154Tbm2 isomer decays with a slightly longer, 23.58 hour, half-life. The 154Tbm2

decays by IT 1.8% of the time and the 154Tbm1 decays by IT to the ground state 21.8% of

the time. Therefore, the decay of the 154Tb ground state does not follow a simple exponential
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relationship time time, see figure 5.13. In this figure the 2064 keV AE data from foil 2 have

been plotted as a function of time (t). At the start, there is an increase in the activity of

the 154Tb grounds state. This is a feature that is expected when a shorter half-life isomer

(i.e. 154Tbm1) feeds into the longer-lived ground state. The comparable 154Tbm2 and ground-

state half-lives makes distinguishing the effect of one on the other in the plot difficult to see.

Moreover, the original activity of the 154Tbm2 isomer was relatively low (∼ 20 time less than

the 154Tbm1 state) and only 1.8% of 154Tbm2 undergoes IT. With all of these compounding

factors and the limited number of data points in each 154Tb activity plot, the fitting of the

curves was simplified such that the 154Tb ground state only depended on the 154Tbm1 isomer

decay and its own decay. The Bateman equation [42],

AE = BATm1
λg

λg − λm1

· (e−λm1t − e−λgt) + ATge
−λgt, (5.7)

was used to fit the curvature of the data points in the AE(t) plots for each γ energy (2064,

and 2187 keV) data set in the first seven foils. The parameters λg and λm1 are the decay

constants of the ground state and m1 state, respectively. The half-life of the ground state

was a free parameter in the fit, however, due to very few data points before the maximum of

the curve, the half-life of the m1 state was fixed to 9.43 hours in order to constrain the fits to

improve the reliability of the fitting. Moreover, because of the same data point limitations,

the branching ratio of the m1 isomer to the ground state, B, was restricted to 0.218 [46] (the

IT branching ratio of the m1 isomer). The initial activities of the ground (ATg) state and

m1 isomer (ATm1) immediately after α beam irradiation stopped were also free parameters

of equation 5.7.

Fourteen graphs like that displayed in figure 5.13, were produced from foils one to seven

using the 2064 and 2187 keV data. (Note that the statistics of these energy peaks in foils

8 and 9 were too low or negligible, negating production of the corresponding plots.) From

these 14 fits, the weighted average half-life value for the ground state was 22.7±0.5 hours
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Figure 5.13: The activity, AE, of the 154Tb ground state plotted as a function of
time since α-beam irradiation stopped. This was produced using
the 2064 keV emission data from foil 2. The green dotted line was
produced from fitting equation 5.7. The χ2/ndf of the fit was 0.8.

from the 2064 keV data and 22.0±0.6 hours from the 2187 keV data. Both of these are

in agreement with the published 154Tbm2 half-life value of 22.7(5) hours and the 2187 keV

data half-life was within errors of the published 154Tb ground state half-life of 21.5(4) hours.

Unfortunately, the relatively low statistics of the ground-state data and the complex nature

of the internal decays meant that no improved half-life value for the ground-state could be

obtained.

The output values for the ATm1 parameters of the 14 fits were within 8 standard deviations

or fewer of the AT values extracted from the 154Tbm1 decay curves in section 5.5.5 “Terbium -

154m1”. This is despite the ground-state data fits being carried out with very few data points

(especially before the maximum of the activity curves) in addition to a number of the data
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Table 5.8: Cross-section values for the direct production of 154Tb ground state
from α+natEu reactions measured in seven irradiated natEu foils. The α beam
energy range of each foil is also given.

Eu Foil
Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 17+24
−17

2 36.06 36.86 37.64 20+19
−18

3 34.46 35.35 36.19 25+23
−21

4 32.81 33.77 34.71 42+33
−31

5 31.08 32.16 33.18 38+9
−9

6 29.30 30.47 31.59 9+8
−8

7 27.45 28.72 29.97 9+6
−6

points possessing relatively large errors. The 14 ATg output values (i.e. AT values for the

direct production of the ground state) were then used in equation 5.4 (with Y calculated using

the published half-life value of 21.5±0.4 hours) to obtain two cross-section measurements for

each of the seven foils. Similarly to the analysis for the 154Tbm2 state (sec section 5.5.5

“Terbium - 154m2”), an average of the two cross-sections for each foil was taken and the

extreme errors of each measurement were used for the error on the average cross-section.

These final cross-section results are provided in table 5.8.

5.5.6 Terbium - 155

There were four γ energies emitted by the 155Tb isotope that were monitored for a total of 29

days (5-6 half-lives) in each of the nine foils. These were: 105 keV (25.1%); 149 keV (2.65%);

161 keV (3.54%); and 163 keV (4.44%). As explained in section 4.7.3, due to the poorer

energy resolution of the HPC HPGe detector when the shaping time was 1 µs (FWHM of 3

keV at 160 keV instead of a FWHM of 1.4 keV for when the shaping time was 3 µs), accurately

fitting Gaussians to the 161 and 163 keV peaks was not possible for these spectra. Therefore

the data for these two energy peaks from these specific spectra were excluded from the decay
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curves. Apart from this case, the other decay curves were produced as before. Figure 5.14

shows an example of a 155Tb isotope decay curve produced using the AE data from the 105

keV γ-ray from foil 9.

Figure 5.14: Foil 9 decay curve produced using the data from the 105 keV γ
energy emitted by the 155Tb isotope as it decays. The χ2/ndf of the
fit was 0.4.

The current published value for 155Tb half-life is 5.32±0.06 days as extracted from the A=155

Nuclear Data Sheets [61]. This value was solely weighted on the measurement published in

1970 [67]. In Ref. [67], the 155Tb isotope half-life was measured using the 87 and 105 keV

peaks for at least 3 half-lives. There were four determinations of the half-life which were

used to obtain the final measurement.

The 155Tb decay curves produced from the α+natEu reaction in the nine foils spanned a

time range of at least 3 half-lives and, for the majority of the graphs, data spanning greater

than 5 half-lives were plotted. There were four γ energies monitored (105, 149, 161 and 163
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Table 5.9: Cross-section values for the production of 155Tb from α+natEu reac-
tions measured in nine irradiated natEu foils. The α beam energy range of each
foil is also given.

natEu
Foil

Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 53(1)
2 36.06 36.86 37.64 69(2)
3 34.46 35.35 36.19 91(2)
4 32.81 33.77 34.71 120(3)
5 31.08 32.16 33.18 188(4)
6 29.30 30.47 31.59 268(5)
7 27.45 28.72 29.97 373(6)
8 25.48 26.90 28.25 426(7)
9 23.40 25.00 26.46 371(6)

keV) and there were nine foils that were separately measured. Therefore, a total of 36 decay

curves were produced and thus a total of 36 half-life measurements were made. The weighted

average of these 36 values produced a 155Tb half-life of 5.25±0.01 days. This value is within

errors of the published value. Due to the superior detector resolution, length of study and

number of repeat measurements this new value for half-life was then subsequently adopted

for the remainder of the cross-section analysis.

The intercept values for each of the 36 decay curves were used in equation 5.3 to extract the

AT values. Equation 5.4 was then implemented (with Y calculated using the newly measured

half-life value for 155Tb, 5.25±0.01 days) to obtain four cross-section measurements for each

of the nine foils. A weighted average was taken of the four cross-section measurements

calculated for each foil to provide the final cross-section results. These are provided in

table 5.9.
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5.5.7 Terbium - 156

Although it was not mentioned in chapter 4, the TALYS calculations also included production

of the two additional isomeric states of 156Tb: 156Tbm1 with a half-life of 24.4(10) hours;

and 156Tbm2 with a half-life of 5.3(2) hours. These isomeric states decay 100% by internal

transitions, IT and will thus add to the ground state as they decay. Unfortunately, using the

experimental set-up described in this thesis, neither states emitted a uniquely identifiable

γ energy as they decayed, and thus could not be measured individually. The 49.9630 keV

γ known to depopulate the m1 isomers and the 88.4 keV γ known to depopulate the m2

isomers were not resolvable using the HPGe detectors from the 49.959 keV Kβ X-ray and

88.97 keV γ emissions of the 156Tb ground state. Therefore, only the ground state of the

isotope was measured.

Five γ energy emissions from the decay of the 156Tb ground-state were monitored in the nine

foils. However, the production of this isotope was very small in comparison to the other, Tb

isotopes and isomers discussed above. Therefore, only the most intense peak with an energy

of 534 keV and intensity of 67% yielded sufficient statistics to produce reliable decay curves.

When considering the function with which to fit the 534 keV peak decay curve, the affects

of isomer states decaying should be considered. However, TALYS predicted that the cross-

sections of the two isomers states would be 0 to 50% compared to that of the ground state.

This, compounded with the low statistics of this isotope meant the effect of the isomers on

the ground state was considered to be negligible and thus a straight line fit was used for the

ground-state decay curves.

The statistics of the 534 keV peak produced by this relatively intense γ emission were not

sufficient to reliably obtain an improved half-life result for this state. Therefore, the NNDC

half-life value (see table 4.2) for this isotope was used to constrain the half-life in the nine
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Figure 5.15: Foil 9 decay curve produced using the data from the 534 keV γ
energy emitted by the decay of the 156Tb isotope where the gra-
dient of the fit was constrained by the published half-life value of
5.35±0.10 days. The χ2/ndf of the fit was 0.4.

decay curve fits. An example of a decay curve produced from the 534 keV data from foil

9 is shown in figure 5.15 where the gradient of the LSF was constrained by the published

half-life value and errors of 5.35±0.10 days [62].

The intercept values for each of the 9 decay curves were used in equation 5.3 to extract the

AT values. Equation 5.4 was then implemented (with Y calculated using the published value

of 5.35±0.10 days) to obtain a cross-section measurement for each of the nine foils. These

are provided in table 5.10.
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Table 5.10: Cross-section values for the production of 156Tb from α+natEu reac-
tions measured in nine irradiated natEu foils. The α beam energy range of each
foil is also given.

natEu
Foil

Lowest energy
at the back of

foil (MeV)

Average foil
energy (MeV)

Highest energy
at the front of

foil (MeV)

Cross-section
(mb)

1 37.62 38.34 39.04 3.5(5)
2 36.06 36.86 37.64 4.0(5)
3 34.46 35.35 36.19 4.4(3)
4 32.81 33.77 34.71 4.9(4)
5 31.08 32.16 33.18 5.4(3)
6 29.30 30.47 31.59 6.3(3)
7 27.45 28.72 29.97 6.7(5)
8 25.48 26.90 28.25 7.7(5)
9 23.40 25.00 26.46 10.6(5)

Cross-section measurements were made for the production of 151Tb, 152Tbm1, 152Tb, 153Tb,

154Tb, 154Tbm1, 154Tbm2, 155Tb and 156Tb from the α+natEu reactions for up to nine α

energies. The statistics for the production of 152Tbm1, 152Tb, 153Tb, 154Tbm2, 154Tbm1 and

155Tb states were also substantial enough to draw new half-life measurements from the data

as well. Although more work, with higher statistics data, is needed for some of the isotopes

and isomers produced (154Tb, 154Tbm2 and 156Tb) to reduce the uncertainties on the cross-

sections results obtained here, the current data already provide quantitative cross-sections

in these particular isotopes and isomer.

The following chapter is a summary of the Tb half-life and cross-section work and TALYS

calculated cross-sections are compared to the results from this work. Measuring these cross-

sections was the first step in developing this new production route for medical Tb isotopes.

Therefore, chapter 6 also discusses what future measurements would be needed to further this

production avenue as well as detailing how the current cross-section measurement method

could be improved upon.
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Terbium cross-section and half-life

summary, discussion, and conclusions

Medical Tb isotopes: 149Tb, 152Tb, 155Tb, and 161Tb are of great interest for the future

of nuclear medicine treatment and the emerging field of theragnostics. An area that was

highlighted as “needing improvement” was the ability to mass produce these isotopes using a

method which was both physically and financially accessible to hospitals (and thus, patients).

This was particularly true for the neutron-deficient isotopes (149Tb, 152Tb and 155Tb). The

initial production of these isotopes was limited to very high energy proton beams inducing

spallation reactions in a target which then undergoes electromagnetic separation to extract

the individual medical Tb isotopes. This production method is therefore limited to very few

sites around the world and is extremely costly. As mentioned in chapter 1, a cost effective

method for Tb separation from other lanthanides has been produced [32, 40] and a number

of studies looking at alternative production methods which could utilise this separation

technique have been carried out. These production methods have focused on using Gd

targets and lower energy proton beams to produce Tb isotopes. Natural Gd is comprised of

seven isotopes, so, to avoid the need for additional electromagnetic separation of the target

after irradiation to extract the individual medical Tb isotopes, the Gd target needs to be
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enriched for an individual isotope (i.e. either 152Gd for 152Tb production or 155Gd for 155Tb

production). Unfortunately this is particularly difficult for 152Gd, for its natural abundance

is only 0.2%, and even 155Gd only has a natural abundance of 14.8%. Therefore, to overcome

this target enrichment issue, the work discussed in this thesis aimed towards developing a

new alternative production route using Eu targets and α beams instead of Gd targets and

proton beams. Europium naturally exists as only two isotopes, 151Eu and 153Eu, which occur

in an approximate 50/50 abundance split. This would make enrichment of either isotope

much easier as there is more of the individual isotope per weight of the natural Eu metal.

However, there had been very limited experimental work carried out on the cross-sections of

α+Eu reactions.

The cross-section information is essential to identifying if clean medical Tb isotope produc-

tion is possible and what projectile energy should be used to produce the highest yield of the

desired isotope. The previously established ability to separate Tb from other lanthanides

[32, 40] means that, in this context, clean medical Tb production methods would be where

no other Tb isotopes are produced at the same time as producing one of the medical Tb

isotopes. Therefore, to measure if this α+Eu production route was viable, the aim of the

experimental work and analysis discussed in chapters 2 to 5 was to measure the α+natEu

reactions for the production of all Tb isotopes. Cross-sections calculated by the nuclear

reaction code, TALYS, were used as a guide for identifying Tb isotopes produced and select-

ing an α energy range for the investigation. Figure 6.1 is a repeat of the α+natEu TALYS

cross-section calculation shown in section 2.1.1.

In addition to improved target enrichment abilities, another reason why α+Eu reactions were

selected for medical Tb production investigations was because of the excellent promise of

clean medical Tb production predicted by TALYS cross-sections. Looking at the individual

Eu isotope reactions with respect to incident α energy in figure 6.2 (a repeat of figures 2.4

and 2.5), there was a clear α energy window of 34 to 36 and 20 to 26 MeV for 152Tb and

151



Terbium cross-section and half-life summary, discussion, and conclusions

Figure 6.1: TALYS predicted cross-sections as a function of α energy for the
production of Tb isotopes and isomers from α+natEu reactions.

(a) 151Eu target (b) 153Eu target

Figure 6.2: TALYS predicted cross-sections as a function of α energy for the
production of Tb isotopes and isomers using Eu isotope enriched
targets.
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155Tb production from 151Eu and 153Eu targets, respectively. Therefore, if the experimentally

produced cross-sections agree with TALYS cross-sections then the α+Eu production methods

could be viable.

For medical isotope production isotopically enriched Eu oxide powders can be used, however,

in order to measure cross-sections, very thin metal foils are needed. Europium is the most

reactive lanthanide and easily oxidises. Consequently, making very thin, isotopically enriched

Eu foils would be very expensive. Therefore, to measure and compare experimental cross-

sections to TALYS cross-sections, natural Eu foils were used. In this work, the α+natEu

cross-sections were measured for the production of two medical Tb isotopes 152Tb and 155Tb

and potential contaminants: 151Tb, 152Tbm1, 153Tb, 154Tb, 154Tbm1, 154Tbm2 and 156Tb.

By irradiating a stack of nine natEu foils, up to nine cross-sections for different incident α

energies were measured of each isotope and isomer. The individual results of these are given

in tables 5.2 to 5.10 in chapter 5. Section 6.2 of this chapter compares these results to

TALYS predictions.

The nature of measuring cross-sections meant that multiple decay curves of the Tb isotopes

and isomers were produced. This allowed for essential information for cross-section measure-

ments to be extracted, but also multiple repeat measurements of the half-lives of the isotopes

and isomers. Many of these half-lives have not been measured since the 60’s and 70’s and

having the most accurate and precise half-life knowledge for medical isotopes is crucial for

both imaging and dosimetry. Therefore, where the isotopes were produced in larger quanti-

ties, and reliable repeat measurements of their half-lives were possible, a weighted average of

the repeat measurements were calculated to produce a final half-life result for each isotope

and isomer. The details of these measurements and analysis were discussed in chapter 5 and

are summarised in section 6.1.

There were many stages to the cross-section measurements. These included: beam energy
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and current measurement; foil thickness measurement; calculating α beam energy degrada-

tion through the target; γ spectra collection; decay and detector efficiency corrections; decay

curve production and extraction of relevant parameters; and finally, half-life and cross-section

extraction. The development of this experiment was detailed and considered. Emphasis was

always give to improving the accuracy and precision of each stage. However, no experiment

is perfect and although cross-sections of Tb production from natEu targets have been mea-

sured, there are still a number of stages and experiments that are needed before this method

of medical Tb isotope production could be used for clinical trials or hospital treatment. Sec-

tion 6.3 discusses which areas of the work detailed in this thesis could be improved upon and

what steps should be taken next to test the viability of this production route further.

6.1 Terbium half-life summary

As discussed in the previous chapter, several new half-life measurements were extracted

from the decay curves produced for the cross-section measurement. Table 6.1 summarises

the current published NDS values and new measurements for all the Tb isotopes and isomers

analysed in this cross-section work. The new measurements were produced from a weighted

average of the values extracted from each decay curve for a particular isotope/isomer. Each

half-life value from a decay curve acted as a repeat measurement of the half-life. The

number of repeat measurements used for each final new measurement value is detailed in the

determinations column of table 6.1.

In some cases — 152Tbm1, 154Tbm1 and 155Tb (highlighted in teal) — the new half-life mea-

surements were in agreement (within errors) of the currently published NDS values. For

these isomers and isotopes, the new measurements provided a more precise value for each

half-life. The half-life results for 152Tb, 153Tb and 154Tbm2 (highlighted in red) were 3.5, 4.2
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Table 6.1: Currently published NDS values and new half-life measurements for
the Tb isotopes and isomers measured during the cross-section measurement.
The new half-life measurements which were in agreement with published values
within one standard deviation are in teal and those which are within five standard
deviations are in red. The number of repeat measurements used to obtain the
new weighted average half-life is given in the determinations column.

Isotope
or isomer

NDS published
half-life

Newly measured
half-life Determinations

151Tb 17.609(14) hours - -
152Tbm1 4.2(1) minutes 4.22(2) minutes 7
152Tb 17.5(1) hours 17.07(7) hours 28
153Tb 2.34(1) days 2.291(6) days 18
154Tb 21.5(4) hours - -

154Tbm1 9.4(4) hours 9.43(4) hours 9
154Tbm2 22.7(5) hours 23.58(15) hours 14
155Tb 5.32(6) days 5.25(1) days 36
156Tb 5.35(10) days - -

and 1.7 standard deviations away from the NDS published values, respectively. Comparing

the method used to extract these new half-life measurements to the methods use to obtain

the previous 152Tb, 153Tb and 154Tbm2 half-lives [70, 67, 68], more γ energies were monitored

using the new measurement method and a greater number of repeat readings were also taken.

Moreover, the new half-life measurements proposed here were recorded over a greater num-

ber of half-lives than previous measurements. Therefore, although the new measurements

do vary from previous ones, the improvement in the measurement techniques could account

for this.

Compared to the previous measurements taken in the 60’s and 70’s, all of these new half-life

measurements have benefited from the much improved detector resolution and sensitivity;

electronic processing; analysis software packages; and data fitting programs that have been

used here. Moreover, very careful planning and execution of the measurements to minimise

uncertainties have improved the data quality and parameter extraction. This coupled with

with the large number of measurements over a greater half-life range led to the increased
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reliability and precision of these new values.

In future half-life measurements of the 151Tb and 154Tb isotopes and 154Tbm2 isomer, a higher

energy α beam and longer irradiation time should be used to increase their production. This

would increase the statistics of their decay peaks and thus enable a half-life measurement.

Increased statistics would also enable the investigation of the half-life discrepancy discussed

and seen in chapter 5, between the two γ’s emitted by 154Tbm2 as it decays. In contrast,

the 156Tb isotope statistics would benefit from a decrease in the incident α beam energy.

However, for the 156Tb isotope, future measurements would also need to consider the effects

of the two isomeric states that would also likely be produced.

For future half-life measurements of the 151Tb, 154Tb and 156Tb states, it would also be

beneficial to monitor fewer foils or use more HPGe detectors. This would enable more

spectra to be collected. This is especially crucial in the early hours after irradiation where

the effects of shorter-lived isomeric states will be most visible. For the 154Tb and 156Tb

isotopes this will be essential to ensure enough data points are collected for a Bateman

equation function to be fitted reliably to the data.
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6.2 Comparing TALYS calculations to the Cross-section

results

As stated above, a comparison of the measured cross-sections and TALYS calculated cross-

sections for each of the isotopes and isomers are given below. Up to nine measurements

were produced from the data for the different α energies incident on each foil. In all of the

cross-section graphs below, the α energy error bars represent the α energy range of each

irradiated natEu foil and the cross-section data points are plotted at the α energy for the

centre of each irradiated natEu foil.

6.2.1 Terbium - 151

Two γ energy emissions from the decay of the 151Tb isotope were used to study its produc-

tion. The 151Tb ground state was produced in the first two Eu foils of the Eu/Al target

stack. The isomeric state would have also have been produced, however, this decayed too

quickly to be measured using the detector set-up described in chapter 4. The isomeric state

decays 93.4% of the time to the ground state of 151Tb, therefore, to compare TALYS to

the two weighted average measured cross-sections calculations, an “effective ground state”

cross-section was produced from the TALYS α+natEu cross-sections. The “effective ground

state” cross-sections in figure 6.3 is where 93.4% of the isomer cross-section was added to

the ground state cross-section. The trend of the TALYS cross-section follows the trend of

the two 151Tb data sets but is shifted to lower α energy by 2 to 3 MeV.
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Figure 6.3: The weighted average measured cross-sections for the production of
the 151Tb ground state by direct and indirect channels from α+natEu
reactions as a function of α energy. The TALYS cross-sections for
the ground state, excited state and effective ground state which is
where 93.4% of the m1 cross-section was added to the ground state
cross-section are compared to these two measured cross-sections for
the ground state.

6.2.2 Terbium - 152m1

Due to detector set-up constraints and the short half-life of the 152Tbm1 isomer, this state was

only measured in the first four Eu foils of the Eu/Al target stack. The weighted average cross-

section measured for each of the four foils was obtained using cross-section measurements

from seven γ energy emissions following the 152Tbm1 decay. Figure 6.4 compares TALYS

calculations to the measure values. The trend of the TALYS cross-section follows that of

the four measurements, however, the trend is shifted to lower α energies by 4 to 6 MeV

and the maximum cross-section for the measured production of 152Tbm1 is actually at higher

α energies than predicted by TALYS. In order to determine the exact α energy needed to

obtain the maximum cross-section further measurements using higher energy α beams are
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Figure 6.4: The weighted average measured cross-sections for the direct produc-
tion of the 152Tbm1 isomer state from α+natEu reactions as a function
of α energy. The TALYS calculations are compared to the data for
these four measurements.

needed.

6.2.3 Terbium - 152

Four γ energy emissions of the 152Tb isotope were used to study its production. The 152Tb

ground state was produced in the first seven Eu foils of the Eu/Al target stack. The isomeric

state was also produced, however, the data taken of the ground state were collected after

over 99.8% of the isomeric state had already decayed (i.e. after nine half-lives). Therefore,

the ground state weighted average cross-sections measured here were from both direct and

indirect α+natEu reactions. In other words, the measured cross-sections consisted of 100%

direct reactions and 78.9% of the cross-section for the isomeric state as the branching ratio of

IT is 78.9%. To compare TALYS calculations to these data, an “effective ground state” cross-
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section calculation was produced from the TALYS α+natEu cross-sections. The “effective

ground state” cross-sections in figure 6.5 is where 78.9% of the isomeric cross-section was

added to the ground state cross-section. The trend of the TALYS cross-sections follows

that of the seven measurement for 152Tb, but is shifted to lower α energies by 2 to 3 MeV

and the maximum cross-section for the measured production of 152Tb occurs at a higher α

energy than TALYS predicts. In order to determine the exact α energy needed to obtain the

maximum cross-section, further measurements using higher energy α beams are needed.

Figure 6.5: The weighted average measured cross-sections for the production of
the 152Tb ground state by direct and indirect channels from α+natEu
reactions as a function of α energy. The TALYS cross-sections are
compared to the seven measurements where the effective g.s. TALYS
curve is formed from 78.92% of the m1 cross-section added to the
ground state cross-section.
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6.2.4 Terbium - 153

Weighted average cross-sections were measured for the production of 153Tb from α+natEu

reaction for all nine Eu foils of the Eu/Al target stack. Each weighted average was calculated

using cross-section measurements from two γ energy emissions that followed from the 153Tb

decay. The TALYS calculated cross-sections in figure 6.6 are compared to the weighted

average measured cross-sections of these nine points and the trends are the same. However,

the TALYS trend is shifted to lower α energies by 2 to 3 MeV and the cross-section values

are also smaller by approximately 50 mb compared to the measured values.

Figure 6.6: The weighted average measured cross-sections for the production of
the 153Tb isotope from α+natEu reactions as a function of α energy.
The TALYS calculations are compared to the nine measured cross-
section data points for this isotope.

161



Terbium cross-section and half-life summary, discussion, and conclusions

6.2.5 Terbium - 154m2

The 154Tbm2 isomer was produced in lower quantities in the α+natEu reactions. As mentioned

previously, there was also a slightly larger variation in the half-lives extracted from the

two γ energies used to measure the cross-section. This led to larger errors (compared to

other isotopes and isomers) for the average 154Tbm2 cross-section measurements as shown

in figure 6.7. The TALYS calculated cross-sections were approximately four times higher

than the seven measured cross-sections. However, the trend of increasing cross-section from

25 to 33 MeV of TALYS matched the data, although beyond 33 MeV the TALYS cross-

sections decrease, unlike the data, which continue increasing towards a maximum cross-

section between 38 and 40 MeV.

Figure 6.7: The average measured cross-sections for the direct production of the
154Tbm2 isomer from α+natEu reactions as a function of α energy.
The TALYS calculated cross-sections are compared to these seven
measured values for this isomer.

To improve or verify these cross-section results a future repeat of this measurement where a
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>40 MeV α beam and longer irradiation period is used would be advised. This would increase

the production of this isomeric state and thus increase the statistics for the individual γ

measurements which would improve both the cross-section and half-life measurements of

this isomer by constraining the errors and improving the decay curve fits.

6.2.6 Terbium - 154m1

Figure 6.8: Measured cross-sections for the direct production of the 154Tbm1 iso-
mer from α+natEu reactions as a function of α energy, measured
using the 540 keV γ emission. The TALYS calculated cross-sections
are compared to these nine measurements.

The 540 keV emission was used to measure the cross-section for the production of 154Tbm1

from α+natEu reactions in all nine Eu foils of the Eu/Al target stack. An important point of

note regarding the decay curves was that there was no evidence observed in the present work

that the 154Tbm2 isomer had a decay component feeding the 154Tbm1 isomer. Therefore, the

cross-section measurements calculated from the parameters of the 154Tbm1 decay curves were
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assumed to be from only direct population via α+natEu reactions. The TALYS calculated

cross-sections are compared to the nine measured values in figure 6.8. The trend is repro-

duced by TALYS, however, the maximum calculated cross-section occurs for an incident α

energy 2.8 MeV lower than the data points. Additionally, the TALYS calculated values are

six times lower than the measured quantities.

6.2.7 Terbium - 154

Measuring the cross-section for the production of 154Tb in the ground state from α+natEu

reactions proved more complex than the other Tb isotopes and isomers. This was firstly

due to two isomeric states decaying into the ground state which had an observable effect

on the decay of the γ’s emitted by 154Tb as it decayed. As the isomers had half-lives of

similar order to that of the ground state, the standard process (used for 151Tb and 152Tb) of

measuring the compound cross-section of both direct and indirect production of the ground

state could not be performed using the decay curve of 154Tb . This meant that, rather than

using straight line decay curves for the extraction of activity immediately after irradiation,

a Bateman equation was fitted to the activity data of the ground state as a function of time

to extract the initial ground-state activity produced directly by α+natEu reactions.

Secondly, too few spectra were collected for each foil in the early hours after irradiation.

This would be where the effect of the 9.43 hour half-life of the 154Tbm1 isomer decay would

be most visible in the activity curves of the 154Tb ground state. More data points in this

time window would have improved the fitting of the Bateman function to the 154Tb data

and thus improved the cross-section measurement for the ground state.

Finally, the activity and thus statistics of the 154Tb ground state were low, making it more

difficult to fit and leading to an increased the error margin for the average cross-sections.
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Despite these difficulties, average cross-section measurements from the 2064 and 2187 keV

emissions were produced from the activity data of the 154Tb ground state. Similarly to

154Tbm2, the two cross-sections for each α energy were averaged and the maximum and

minimum cross-section error margins from each γ energy were used as the error on the

average, instead of using a weighted average and error. This was chosen as it better reflected

the uncertainty in these data due to the poor statistics and lack of constraining data points

in the activity-curve fitting.

Due to low statistics in foils 8 and 9 only seven cross-section measurements were made.

TALYS predictions are compared to these final cross-section results for 154Tb in figure 6.9.

It can be seen that the TALYS values are five to six times higher than the measured data

although the predictions do appear to follow the correct trend.

Figure 6.9: The average measured cross-sections for the direct production of
the 154Tb isotope in the ground state from α+natEu reactions as
a function of α energy. The TALYS calculated cross-sections are
compared to these seven measurements for the 154Tb ground state.
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Due to the low γ statistics from the decay of both the 154Tb ground state and the 154Tbm2

isomer, the decay of the 154Tbm2 state was not included in the Bateman equation used to

fit the ground-state activity data. Future cross-section measurements with high activity

production of all three 154Tb states should include the effects of both the 154Tbm1 and

154Tbm2 states on the decay of the ground state.

6.2.8 Terbium - 155

Figure 6.10: The weighted average measured cross-sections for the direct pro-
duction of the 155Tb isotope from α+natEu reactions as a function
of α energy. TALYS calculations are compared to these nine mea-
surements.

Weighted average cross-sections were measured for the production of 155Tb from α+natEu

reactions for all nine Eu foils of the Eu/Al target stack. Each weighted average was calculated

using cross-section measurements from four γ energy emissions following the 155Tb decay.

TALYS calculated cross-sections are compared to the weighted average measurements of the
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nine foils in figure 6.10. The trend of the TALYS calculated values follows that of these

nine measured values for 155Tb, including a comparable maximum cross-section value of

approximately 425 mb. However, the TALYS points are shifted to lower α energies by 1.5

to 2 MeV and the TALYS values are lower than measured for higher α energies, i.e. those

above the cross-section peak maximum.

6.2.9 Terbium - 156

Figure 6.11: Terbium-156 ground-state cross-sections measured using the
534 keV γ emission as a function of α energy. TALYS cross-sections,
for the ground state, two excited states and the sum of all three,
are compared to these nine measurements.

The final cross-section results for the 156Tb isotope in the ground state were measured using

data from one γ energy and the production and effects of the 156Tb isomeric states were

not able to be separated. Therefore, when TALYS calculations are compared to the data in

figure 6.11, the total production including both isomer states is considered. The experimental
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results were summarised in chapter 5, table 5.10.

Similarly to the other isotopes, the TALYS calculations follow the same trend as the measured

cross-sections for 156Tb. As with the previous comparisons made above, the cross-section

values of the TALYS predictions appear shifted to lower α energies by 2-5 MeV compared

to the established data points.

6.2.10 Summary

To enable a view of the bigger Tb production cross-section picture, figure 6.12 collates all

the cross-section measurements made from the α+natEu reaction data. Comparing figure

6.12 to the TALYS cross-sections in figure 6.1, it is clear that similar trends are followed.

However, there are some key differences. For all of the isotopes and isomers measured (except

for the ground state of 154Tb ) a general shift in the TALYS calculated values can be seen

towards lower α energies compared to the data. Using the incident α energy for maxima

(and minimum for 153Tb ) cross-section turning points for both the TALYS and measured

cross-section graphs, the α energy shift was measured to be 1.5 to 5 MeV, where the maxima

of the TALYS calculated cross-sections occur at lower α energies than measured for each

isotope and isomer.

The other notable difference is the scale of 154Tbm1 cross-sections. Out of the three states

of 154Tb , TALYS calculations predicted the ground state to have the highest cross-section

values (maximum of 313 mb), followed by the most excited 154Tbm2 state (maximum of

195 mb), and then only a maximum of 86 mb for the production of 154Tbm1. However,

upon measuring these cross-sections, 154Tbm1 possessed the highest maximum cross-section

of all Tb isotopes and isomeric states, reaching 540(20) mb at 36.86 MeV. In contrast, the

measured cross-sections for the ground state and 154Tbm2 isomer were comparably low, with
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neither surpassing a cross-section of 60 mb in the α energy range measured here.

Figure 6.12: Measured cross-sections for the production of Tb isotopes and iso-
mers from α+natEu reactions as a function of α energy. The lines
between the data points only act as guides for the eye.

As the measured results in figure 6.12, in general, follow a similar trend to TALYS calcu-

lations, it is likely that (as initially assessed purely from TALYS predictions prior to the

measurements), clean, separate production of medical isotopes 152Tb and 155Tb could be

possible using isotopes enriched Eu targets. From the measured cross-section data here, an

α energy production window for 155Tb would be between 24.97 and 28.72 MeV. However

a slightly lower maximum energy of 26.90 MeV may be better to avoid the production of

contaminant 154Tbm1. For maximum, clean production of 152Tb a higher α energy is needed

of greater than 36.86 MeV. The upper limit is unknown using these measured data, as the

152Tb cross-section would need to be measured for higher α energies, however, 40 MeV would

be a reasonable suggestion from extrapolating using the curvature of the 152Tb data.
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6.3 Experimental improvements and future work

As a whole, the foil preparation, irradiation, spectrum collection and data analysis were

performed well, with precision and accuracy. However, some aspects of the work could

be improved upon. One of the main issues which impacted the data statistics was the

unplanned reduction in beam current and irradiation time. The consequence of this was

that the irradiated foils need to be moved closer to the HPGe detectors for spectra collection

to ensure high enough γ statistics were recorded. This in turn then introduced other variables

such as changes in geometric efficiency and the nonlinear effect of intrinsic efficiency with

respect to source-detector distance. Although these were able to be corrected for, all of

these correction factors have added to the errors of the final results. At the time this

was unavoidable due to the ion source filament in the cyclotron breaking. However, if this

experiment was repeated, a higher current and longer beam time would be used to ensure

that the position of the foils could remain at a fixed distance from the detector for all spectra

collection and that the statistics of all the Tb isotopes and isomers were higher.

In future cross-section measurements of α+natEu reactions, a greater focus should be placed

on the measurement of the 151Tb, 154Tb and 156Tb isotopes and their isomeric states. All

of these states (apart from 154Tbm1) suffered from low activities and thus low statistics.

Moreover, more spectra need to be collected in the early hours after α irradiation has stopped

to enable accurate Bateman functions to be fitted to the activity curves of 154Tb and 156Tb

ground states.

Due to poor statistics of the ground state and no information on the isomers of 156Tb,

the influence of the isomeric states on the ground state were not able to be separated for

the purpose of the cross-section measurements made here. Therefore, future measurements

should focus on developing a detector set-up capable of measuring the 156Tb isomers and use

a Bateman equation to fit the ground-state activity data.
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The isomeric state of 151Tb has a 25 second half-life. Therefore, the γ detector set-up used

in this work would be inadequate to measure this isomer. For future 151Tbm1 cross-section

measurements, an on-line γ detector should be used to take very short spectra (less than 25

seconds in length) of a Eu foil immediately after α irradiation has stopped.

With longer irradiation times and a higher α beam current, the absolute production of

154Tb(g.s) and 154Tbm2 should be increased and additional cross-section measurements are

recommended to verify the cross-section results measured here. With increased initial ac-

tivities, and thus improved statistics, the effect of the 154Tbm2 isomer on the decay of the

ground state would be more evident and future analysis of the 154Tb ground state should

also include these potential effects.

Despite the improvements mentioned above and potential future work needed on α+natEu

reaction cross-sections for the production of some contaminant Tb isotopes and isomers, pre-

cise and reliable cross-sections have been measured for the medical 152Tb and 155Tb isotopes

and the main contaminant isotopes 153Tb and 154Tbm1. This knowledge will enable refine-

ments to the production calculations of the medical isotopes and provides key information

to develop this production method further. The next steps to verifying α+Eu production

routes for medical Tb are discusses in the following subsection.

6.3.1 Future work to develop medical Tb isotope production using

α beams and Eu targets.

Given the calculated TALYS cross-sections follow similar trends to the measured data, with

a 1.5 to 5 MeV shift in incident α energy, it could be assumed that the same α energy shift

would be present when comparing TALYS calculations of α beams and separate Eu isotopes

targets (see figure 6.2) to measured (or actual) cross-sections of α beams and isotopically
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enriched Eu target reactions. Therefore, following the same principles for clean isotopes

production discussed in chapter 2 where for 151 and 153 isotope enriched Eu targets the

cleanest production is possible round the maximum cross-section of the 152Tb and 155Tb

isotopes, respectively, then looking at figure 6.12, clean 152Tb isotope production would be

achieved been 36.86 and 40 MeV using a 151Eu target and clean 155Tb isotope production

would be achieved been 24.97 and 28.72 MeV using a 153Eu target. However, one of the key

differences between the measured and TALYS cross-sections is the 154Tbm1 cross-section.

According to TALYS calculations this isomer would be produced by the α+153Eu reactions.

Therefore, to ensure that 155Tb production is not heavily contaminated by the 154Tbm1 isomer

production then the maximum energy of α+153Eu reactions for 155Tb production should be

lowered to 26.90 MeV.

The next experimental measurements needed to develop the α+Eu production route further

would be to perform separate α irradiations of both 151- and 153-Eu enriched targets. Be-

cause of the reactive nature of Eu, these enriched targets will either be much thicker foils

than those used for the natEu cross-section measurements or, most likely, a compressed oxide

powder target. Care should be taken to calculate α beam energy degradation though these

targets to ensure that the α energy range through the targets does not result in α energies

where the cross-section for contaminants are high. Due to the use of thicker targets, these

enriched targets should be irradiated with an α beam energy at the top of the ideal produc-

tions range. Therefore, the 151Eu target should be irradiated with a 40 MeV beam and the

153Eu targets should be irradiated with 26.90 MeV beam.

The same target thickness, beam energy and current measurement methods should be used

as discussed in chapter 3 and the same γ data collection and analyses processes explained in

chapters 4 and 5 should be used to ascertain the activity of all Tb isotopes produced. From

these results the level of Tb contamination using α+151Eu and α+153Eu reactions will be

known. If Tb contamination isotopes are low enough for medical use then a batch of each
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enriched irradiated target could be sent to NPL collaborators for chemical target separation

[32]. If the yield of the medical isotopes following all these process is high enough then α+Eu

reactions could be a valid production method for medical isotopes 152Tb and 155Tb.

If the 154Tbm1 does prove to be a substantial contaminant, then calculations and further

experiments could be performed to determine if using lowering beam current and longer

beam irradiation times would reduce the proportion of the shorter lived, 9.43 hour, 154Tbm1

compared to the longer lived, 17.07 hours and 5.25 days, medical isotopes 152Tb and 155Tb,

respectively.

6.4 Final thoughts

In the end, the main aim of this work was to measure the α+natEu cross-sections using the

MC40 cyclotron, which was achieved for the production of 151Tb, 152Tbm1, 152Tb, 153Tb,

154Tbm2, 154Tbm1, 154Tb, 155Tb and 156Tb. However, this experiment was also successful on

a more general scale. Measuring absolute nuclear reaction cross-sections is a highly sensi-

tive and detailed process, and the method discussed in this thesis had not been previously

established at the Birmingham Cyclotron Facility.

In most cross-section measurements, cross-section-calibration foils are often used in between

layers of the foil of interest. The cross-sections of these calibration foils have been previ-

ously measured. These previous measurements are then used to help determine the beam

energy and degradation as the beam travels through the foil stack, to then calculate the

beam energy in the foils of interest for the cross-section measurements. The activity of these

calibration foils are also used to help measure beam current delivered to the target. This

dependence on previous cross-section measurements of other isotopes (e.g. natTi(α,x)51Cr

or natCu(α,x)66Ga [71]) would automatically introduce a systematic error if these “known”
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calibration cross-sections were incorrect. Moreover, in cross-section measurement publica-

tions, the thickness of the foils are either not measured independently from the manufacture

value, which are often supplied with a quoted error of 25%, or, if the thickness of the foil is

independently measured, it is determined by weighing the foil. The use of weighing scales

can be very accurate as long as the scales are level and regularly calibrated with a secondary

or primary standard and the mass of the foil is not comparable to the precision of the weigh-

ing scale. This method also relies on the need for accurate foil area measurement which will

add an additional level of error to the final thickness measurement. Designing a cross-section

measurement method from scratch provided the opportunity find new ways of measuring and

improving on current techniques commonly used in the cross-section measuring field. There-

fore, when designing the cross-section experiment, discussed in this thesis, great emphasis

was placed on ensuring the beam energy, beam current and foil thickness were accurately and

precisely measured and did not depend on other cross-section measurements or ill calibrated

equipment.

The nuclear group at the University of Birmingham run a diverse range of nuclear experi-

ments and one of the benefits of this is the ability to easily share knowledge and equipment.

For example, the beam energy and foil thickness measurement techniques used in this thesis

were tailored and developed for the purpose of cross-section measurement from techniques

used in fundamental nuclear physics experiments. The consequence of this was that, instead

of relying on knowledge of the cyclotron deflector position and its calibration to provide a

beam energy, typically with an error of at 0.5 MeV, the gold foil and DSSD detector set-

up enabled an accurate and precise reading of 39.06±0.21 MeV. This method relied solely

on fundamental kinematic physics, precisely known α calibration source energies and well

understood light particle energy degradation through materials. Similarly, the triple α en-

ergy degradation measurement of Eu and Al foil thicknesses also only relied on well known

and understood light particle energy degradation through materials. This enabled a Eu foil
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thickness measurement of 21.3±0.5 µm, which was a vast improvement on the precision of

the manufacture’s value of 25 µm ± 25%. Moreover, the 3.7 µm difference between the

manufactured and measured thickness values would have made a significant difference in the

cross-section calculation which relies on foil thickness as one of its parameters, and the dras-

tic reduction in the relative error on the thickness value also reduced the percentage errors

on the final cross-section results. For fundamental nuclear physics experiments, the MC40

cyclotron beam current is measurement from a plate at the end of the beam line. However,

for cross-section measurements this was improved upon by the addition of a Faraday cup at

the end of the beam-line containing the target. This was isolated from the rest of the beam

line using an insulator and increased the accuracy of the beam-current measurement.

Using information learnt from preliminary α+natEu reaction experiments and developing

techniques from other areas of nuclear physics, accurate and precise measurements of the

initial incident α beam energy, foil thickness and beam current were developed for the pur-

pose of nuclear reaction cross-section measurements at the University of Birmingham. The

subsequent γ spectroscopy and data analysis techniques developed and discussed in chapters

4 and 5 are also now available for others to use for future cross-section measurements at the

University of Birmingham.

The cross-section method and data analysis developed enabled the successful cross-section

measurements of the medical and contaminant Tb isotopes production from the α+natEu

reactions. These cross-sections results will play an important role in the next stages of

developing this route of medical Tb production. Moreover, the relative ease of producing

isotopically enriched Eu targets compared to Gd targets could prove to be a key factor in

the future of α+Eu, Tb production.

A final but important point to end this Tb work on is the revised, new half-life measurements

made during the cross-section measurement process. Accurate and precise nuclear half-lives
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are crucial for imaging and dosimetry in nuclear medicine. Therefore, the more precise

152Tb and 155Tb half-life measurements of 17.07(7) hours and 5.25(1) days, respectively, are

of importance for future medical work with these isotopes.
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Chapter Seven

Industrial PET imaging motivations and

theory

7.1 Introduction

As mentioned in the introduction to chapter 1, over the last few decades positron emitting

isotopes have been used to study flow inside industrial machinery. The method commonly

used is Positron Emission Particle Tracking (PEPT). Particles ranging in material and size

(tens of microns to several millimetres) are either exposed to a particle beam to become

radioactive (emitting positrons) or are imbued with radioactive nuclei such as 18F. One or

more of these particles are placed into pieces of machinery under investigation and are tracked

through the machine using γ detectors in coincidence. The position and velocity of these

particles are recorded and from this, the manufacturers can improve their machinery.

However, standard PEPT only observes one or a few particles at a time and this information

is extrapolated to infer the behaviour of all the particles in the system. In medical PET

imaging, fluid positron tracers are used and this provides collective movement information.

The distribution of radioactive fluid can be seen and the collective flow observed. However,
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the potential benefits of this information have rarely been explored for industrial purposes.

This chapter will discuss the motivations behind the use of PET for industrial imaging in

more detail as well as explain the how PET images are produced: from 511 keV photon

production and detection, to image reconstruction.

7.2 Motivation

Many machines are contained within opaque (often metal) walls. This limits the ways one

can see what is happening inside the device. Commonly, the understanding of the internal

workings comes from changing and measuring what goes into the machine and measuring

how this affects what comes out. Some monitoring methods (e.g. visual or electronic) can

provide 1D or sometimes 2D information. However, PET and PEPT provide highly useful

3D information on the distribution and movement of material within a machine. The ability

of the 511 keV photons (emitted by PET/PEPT tracers in the machine) to pass though

many types of industrial casing and be detected allows industrial partners to gain details

and specific information about the inner workings, so improvements to the devices can be

made.

A highly relevant topic of today is climate change. Over the past few decades great focus has

been placed on reducing greenhouse gas emissions. Atmospheric improvement devices such

as carbon absorbers and catalytic converters can be used for this purpose (see appendices

I and J for more details). The effectiveness of these devices is studied by measuring the

output gases and comparing them to the input gases. However, if the internal movement

of the gases were measured there is potential to understand the processes more and further

improve these devices. PET imaging could be used to elucidate the inner workings of carbon

absorbers and catalytic converters.
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Table 7.1: A selection of positron emitting radioactive isotopes suitable for pro-
ducing gaseous or liquid tracers for PET imaging, and their half-lives [15] and
production reaction carried out by the MC40 cyclotron [72].

Isotope Half-life
(minutes)

Production
reaction

11C 20.364 ±0.014 14N(p,α)11C
13N 9.965 ±0.004 16O(p,α)14N
15O 2.037 ± 0.003 14N(d,n)15O
18F 109.77 ± 0.05

16O(3He,p)18F
18O(p,n)18F

The ability to observe the collective movement using PET rather than PEPT is particularly

relevant when studying the movement of liquids and especially gases. This is because PEPT

is limited to solid tracers which can not always accurately mimic the movement of the

surrounding liquids and gases which are under study. However, PET imaging traces can be

made in a variety of liquid and gaseous forms (see table 7.1 for details on a selection of PET

isotopes that can be made using the MC40 cyclotron at the University of Birmingham). Due

to this advantage, PET imaging could be used to study the movement of both liquids and

gases in industrial devices.

There are currently no published papers looking at PET imaging used to study the movement

of the gases inside carbon capture devices, however, there was work carried out by a previous

Master’s student at the University of Birmingham (see appendix I for more details) [73].

As well as clearly seeing the geometrical distribution of the gases within the system, this

study could provide evidence to support current gas distribution models. There was a study

carried out in 1992 [74] on the gas distribution in catalytic converters using PET imaging

(see appendix J for more details). One dimensional PET images were produced at the time,

however, PET imaging has improved greatly since the NeuroECAT PET machine used in

this study. Currently, no follow-up studies have been carried out, thus one of the aims of

using the GE discovery PET/CT scanner is to improve on the work previously done utilising

the 3D imaging of modern medical PET scanners.
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Similarly, the investigation into the inner workings of some industrial machinery requires the

study of liquid flow through fine mesh which can prove problematic for solid PEPT imaging

tracers. Therefore, PET imaging would provide an appropriate solution to study these

devices. A company, CALGAVIN [75], produce stationary mixers. These are specifically

designed and made pipe inserts consisting of metal spirals and loops which generate the

appropriate vortexes within the fluid to mix or move it to where is necessary to provide

optimal heat transfer for the application. In the study presented in section 8.2, CALGAVIN

wished to determine whether fluid flowed through the centre of two insert designs. They

had previously used dye to determine the rate of flow and the 2D distribution by observing

the outside of the pipe, however, they needed a method which would allow a cross-sectional

view through the pipe. PET could provide this.

Before new research using the PET scanner could take place, the GE Discovery ST PET

scanner needed to be calibrated and quality assurance tests needed to be carried out to find

the position and energy resolution, as well as timing resolution. These tests provided vital

information on the limitations of experimental work and the best imaging settings to use.

Moreover, it was important to know how much activity will be needed to image a device as

well as the physical dimension limits of a device to avoid distortion of images at the edges

of the field of view. Therefore, initial investigations were carried out to determine these

properties of the scanner. These are discussed in section 8.1.

7.3 Theory of PET imaging

This section of the chapter discusses how positron emission is used to form a PET image. The

basic principles of coincidence detection, and contributions to background through random

and scattered events are explained. An overview of image reconstruction methods used
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by the GE Discovery ST PET/CT scanner which are Filtered Back Projection (FBP) and

Ordered Subset Expectation Maximisation (OSEM) is also included.

7.3.1 Positron production and detection

PET images are formed using positron emitters which undergo β+ decay. This occurs when

a nucleus has more protons (Z) than is stable for the nucleus (N) of atomic mass (A),

A
ZN → A

Z−1N
′ + β+ + νe (7.1)

(where νe is an electron neutrino). These are not common, naturally occurring nuclei, so

for PET scans to be possible the radioactive tracers (sources) must be made by cyclotrons.

18F was the radioactive nuclide used for all the work discussed here and was produced using

either one of the two methods described in equations 7.2 and 7.3. The 3He or proton beams

produced by the MC40 cyclotron were 35 MeV and 10.8 MeV, respectively.

3He+H16
2 O → H18

2 F + p (7.2)

p+H18
2 O → H18

2 F + n (7.3)

A PET scanner does not detect the positron (β+) directly. Once the positron is emitted it

slows down in the medium and once it reaches rest (or near rest) it briefly forms positronium

with an electron from its surroundings and they then annihilate one another. To conserve

momentum and energy, the electron and positron form two photons travelling back-to-back,

each with energy equal to the mass of the electron (and positron), 511 keV. These two

photons are detected in coincidence by the γ detectors of the PET scanner.

Often the detectors used in PET scanners are scintillating detectors either BGO (bismuth
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germinate, Bi4Ge3O12) or LSO (lutetium oxyorthosilicate, Lu2SiO5) due to their high den-

sities (7.13 and 7.40 g/cm3, respectively [76]) and thus greater efficiency at absorbing high

energy 511 keV photons. Unfortunately, greater efficiency comes at the cost of energy res-

olution. Compared to NaI scintillator crystals (often used in SPECT imaging) BGO and

LSO crystals have relatively poor energy resolution. For example, BGO possesses a 16%

energy resolution at 511 keV [77] whereas the energy resolution for NaI is approximately 8%

at 511 keV.

When a 511 keV photon strikes the crystal of these scintillating detectors the photon can

interact with an electron within the crystal via any of the pathways discussed in section

4.1. This electron then causes other electrons within the crystal to become excited from

the valence band to the conduction band. The crystal structure of BGO and LSO crystals

are such that the crystal is transparent to the energy of the optical photons emitted as the

electron de-excites back to the valance band. The total number of optical photons produced

is proportional to the number of electrons that were excited which is proportional to the

initial energy deposited by the 511 keV photon in to the crystal.

[53][78] The optical photons produced in the scintillation crystal are then guided via the

design of the crystal and its casing to the Photo-Multiplier Tube (PMT) which is optically

connected to the crystal. The optical photons are absorbed by the initial structure in a PMT,

the photocathode. The number of electrons produced by the photocathode is proportional to

the energy deposited by the 511 keV photon. To amplify the signal, the electrons emitted by

the photocathode are accelerated by a potential difference to a series of dynodes, as shown

in figure 7.1. At each dynode the electrons strike the surface and release 8-10 times more

electrons. If, for example, there are 10 dynodes in a PMT then there will be an increase

of up to 1010 electrons. This amplified signal is collected at the anode and processed by

the preamplifier. The electronic signal is then passed on to the subsequent signal processing

electronics. However, the preamplifier also acts as a barrier to prevent changes in the signal
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processing units to affect the detector electronics.

Figure 7.1: A simplified diagram of a scintillating crystal and PMT, showing its
main features [79].

In most medical PET scanner systems a large number of these detector units (crystals, PMTs

and preamplifiers) are typically arranged in a ring structure. To provide improved spacial

resolution of the PET images, the scintillator crystal blocks are usually segmented. A grid

is cut into the crystal, but cuts do not go through the entire crystal. The rear of the block

(coupled to the PMTs) is uniform (uncut). In many systems, the each crystal is attached

to 4 PMTs (an example of these is shown later in figure 7.8 which depicts a GE Discovery

ST PET scanner crystal block and PMTs). When an interaction of a γ-photon occurs in the

crystal, the optical photons produced not only inform the energy deposited by the γ-photon,

but, the optical light distribution between the 4 PMTs changes depending on which segment

of crystal the original γ-photon interacted. This enables a more precise location of the 511

keV photon interaction in the crystal, thus improving the spacial resolution. It is important

to note that one of the most crucial calibrations a PET scanner must perform is to ensure

that the detector and electronic settings are able to used the intensity information form each

set of 4 PMTs to accurately locate which segment of the crystal the 511 keV interacted with.

This is known as crystal mapping.

Several sets of scintillating crystals attached the 4 PMTs (detector blocks) are groups together
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in a module. Each module has its own set of preamplifiers and electronics, controlled by a

microprocessor. Several modules are then arranged in the traditional medical PET scanner

ring structure which will encircle the body of a patient. The specific detector ring structure

of the GE Discovery ST PET scanner is described in detail in section 7.4.

A coincidence processor compares arrival times of signals from all the modules in the ring,

and identifies prompt coincidences where the two signals arrive within a specified resolving

time, τ . The length of time for each PET image and the number of image frames are pre-set

in a protocol before the scan. As the data arrives during the scan the coincidence events are

stored either as sinograms (which are explained in appendix K) or in listmode which records

each coincidence with a time stamp of when it occurred in the data collection process.

Sinograms reduce the memory required to store the data collected, however, listmode allows

greater flexibility when reconstructing data, enabling the duration of each image frame to

be changed from the original pre-set data collection protocol.

While a scan is being collected, delayed coincidences are also stored. This are used to

measure the rate of random coincidences. This is explained in more detail in section 7.3.2

and is useful to measure when establishing the optimal tracer activity to use when imaging

an object (see section 7.4.2 for more detail).

The coincidence data collected during a scan enables tracer location and image production.

The details of this and how scattered and random coincidences occur are discussed in section

7.3.2.

7.3.2 Identifying a point source

As previously discussed, medical PET scanners consist of adjacent rings of detectors working

together to detect coincident photon signals. This enables the tracking and imaging of the
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whereabouts of a radioactive source placed within the subject.

Figure 7.2 demonstrates how PET source location works for a point source where a large

number of positron emitters are located in a single point. In figure 7.2a, a positron is

emitted from the source and a set of back-to-back photons are detected in “coincidence" by

two detectors in the scanner. A line can then be drawn between these two detectors, known

as a line of response (LOR), see figure 7.2b. It can be deduced that the source lies somewhere

on this line. The source will emit more than one positron so more LORs are made (figure

7.2c). Where the LORs overlap is the location of the source.

It is important to note that in order for two photons to be recorded as “coincidence" photons,

they must arrive at each detector within a pre-set coincidence time window, τ , of each

other. However, sometimes “coincidence" photons are not from useful events. For example a

coincidence signal can be caused by a scattered photon as shown in figure 7.3 (a) where the

LOR from this event would misplace the actual location of the source. In other instances

(see figure 7.3 (b)) photons from separate annihilations may arrive in coincidence with each

other also providing misinformation - this is referred to as a random coincidence.

Scatter events are more common in more dense and larger volumes of material and can be

corrected for using attenuation information from CT images in PET reconstruction as well

as by gating on the energy of the photon. Lead collimating septa placed in between detector

crystals also reduces the proportion of scattered coincidence events [80]. However, accurate

scatter correction is difficult to completely achieve.

To reduce the time needed to obtain an acceptable PET image, higher tracer activities should

be used, however, the number of random events increases with activity. Therefore, a balance

must be found for how much activity should be used for an image before random events

become too great a problem. This is discussed in more detail in section 7.4.2. Although

not relevant for the GE Discover ST PET/CT scanner, more modern PET scanners also use
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Figure 7.2: (a) A positron being emitted at the source and two back to back
photons being released when it annihilates with an electron. The
two photons are detected (by the highlighted detectors). (b) From
these two photons an LOR (shown by a red dashed line) is drawn. (c)
More positrons are emitted, further LORs are drawn and an image
region where the source lies is produced from the back projected
LORs.

time of flight (TOF) [81] [82] information to improve image resolution as well as decrease

noise from random and scatter events (i.e. increasing signal to noise ratios (SNR)).

This simple example of locating a single point source can be extrapolated when imaging

more complex objects such as the distribution of a tracer in a body or the distribution of

fluid within a machine. Standard tomographic approaches are used to reconstruct the image

from the measured projections which are stored in either sinogram or list form. The two

basic approaches are analytical, based on filtered back projection (FBP), or iterative.

In its simplest form, backprojection consists of projecting the coincidence data back along

the LORs. In the same way as for the point source in figure 7.2, this results in an image of

the object having the correct features but blurred due to the tails of the LORs (see figure

7.4). This blurring can also be understood as an imbalance of sampling between low and

high spatial frequencies. To remove the blurring a filter is applied during backprojection -

this is "filtered backprojection" (FBP). More details of all this are given in appendix K.
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Figure 7.3: (a) A demonstration of a scatter coincidence event. A positron being
emitted at the source and two back to back photons being released.
One of the photons is scattered before it reaches the detector causing
an LOR which does not pass through the location of the source. (b)
A demonstration of a random coincidence event. Two sets of back
to back photons emitted at the same time. One photon from each
pair cause a coincidence event to be recorded and the LOR from this
does not pass through the location of the source.

Figure 7.4: The tails of the LOR back projections cause the spreading out of the
image, shown as a larger red circle around the black point source.
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The second method of reconstruction, by iteration, is commonly used and is explained in

more detail in section 7.3.3. The type of iterative reconstruction used by the GE Discovery

PET scanner, OSEM, is also discussed.

How the data is collected can also affect the data processing, section 7.3.4 briefly explains

the difference between “2D” and “3D” PET data collection. The section also informs the

reader about the types of PET image slices that are used when looking at the PET data.

The names of positions within the PET scanner are often used when explaining features

within the images and describing the image slice being used, therefore, these are also include

in this section.

7.3.3 Iteration method

Rather than simply back projecting the data collected (with or without filters), iterative

reconstruction methods start with an initial guess of the image, for example, a uniform

image of the average count rate. The “guess” is then projected forward and these projections

are compared with the collected data projections and the prediction is adjusted [83] (page

278). This process is repeated until the forward projections of the predicted image and the

collected projection data converge.

This can be a powerful reconstruction tool as attenuation and detector specific effects on

the collected data can be accounted for in the iterative process. For example, FBP makes

the false assumption that the PET detector system has perfect spatial resolution. Iterative

algorithms can be constructed to account for real detector response. However, it should be

noted that the non-linear nature of some iterative processes may cause the signal to noise ratio

(SNR) and the spatial resolution to vary through an image. The consequences of this should

be investigated ([83] pages 312-312). In addition to attenuation and detector corrections,
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the blurring effects cause by the variation in positron range and depth of interaction could

be accounted for in an iterative algorithm.

OSEM

The Maximum likelihood (ML) method of iterative reconstruction was developed by Rock-

more and Macovski [84] and includes the statistical Poisson nature of the emitted signal and

detection capabilities [85]. Shepp and Vardi [86] produced the Expectation Maximisation

(EM) algorithm to solve ML reconstruction. EM proved to be a desirable way to solve

ML reconstruction as it guarantees non-negativity, convergence and preserves data count

between iterations, however, the process is slow and requires multiple iterations to converge

[85] .

Hudson and Larkin aimed to improve the speed of EM and developed Ordered Subset EM

(OSEM) reconstruction, the details of which are discussed in [87]. In its simplest terms, the

data are split into ordered subsets, the EM algorithm is carried out on the first subset of data

and the result from this is carried forward to the next subset for which the EM algorithm

is used again, and so on. One full iteration is considered to be when each subset has been

processed once. In OSEM, increasing the number of ordered subsets reduces the number

of iterations and inter speeds up the EM reconstruction process. Figure 7.5 is taken from

Hutton’s and Hudson’s [88] paper and demonstrates the power of OSEM by reconstructing

the same image of a brain using three methods. Here the 2 iterations OSEM image (right)

is comparable in quality to the 190 iterations EM reconstruction (centre) for which both are

clearly far superior to the 10 iteration EM image.

Although OSEM does not always exactly converge to ML solutions, its speed means that it is

often used for iterative reconstruction across many PET scanner systems. The GE Discovery

ST PET/CT scanner used for industrial PET investigations could perform either FBP or
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Figure 7.5: Left: EM reconstruction (10 iterations) modelling attenuation only.
Centre: EM reconstruction (190 iterations) with model of atten-
uation, 3D distance-dependent collimator response and 3D object
shape-dependent scatter. Right: dual matrix OS (2 iterations) using
same model as in the centre. (This figure and caption are copied
from Fig.6 in Ref. [88]).

OSEM image reconstruction.

7.3.4 2D and 3D PET imaging

All modern medical PET scanners produce multiple 2D cross-sectional slices of the object

being imaged. The slices can then be stacked to form 3D images of the object. There are

three points of view these images can be dissected through: axial, sagittal, and coronal.

Figure 7.6 provides an explanation of these imaging planes as well as the three directions an

object can be viewed from: Left to Right (LtoR); Superior to Inferior (StoI); and Anterior

to Posterior (AtoP).

[78] However, in this instance “2D” and “3D” PET imaging has a different meaning. A

standard circular array PET scanner will have rings of detectors. In “2D” PET imaging

lead collimating septa are used in between separate detector rings. In this mode the scanner

records coincidences only between detectors which lie on the same ring as one another and

half the ring either side. This reduces the number of false coincidence detections from random

and scattered. However, if the collimating septa are removed and the PET scanner records

coincidence data between detectors regardless of the rings they belong to then the images
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Figure 7.6: The three planes of imaging taken from [89]. Axial slices are perpen-
dicular to the superior, S, to the inferior, I, (head to feet) direction
of the object. Coronal slices are perpendicular from Anterior, A, to
Posterior, P, (front to back) direction. Sagittal slices are perpendic-
ular from the left, L, to right, R, direction.

produced are known as “3D” PET images. This “3D” method increases the efficiency of the

detector 4-5 times that of the “2D” method [90] . However, “3D” imaging requires more

computing power to reduce noise from false (random and scatter) coincidences which are no

longer removed by lead collimating septa. The GE Discovery ST scanner at the University

of Birmingham uses removable collimating septa between each ring to transform from a “2D”

PET scanner to “3D” scanning capabilities.

For all the research and calibration carried out and discussed in this thesis, the collimating

septa were left in between the PET rings. Thus all the images were taken in a “2D” PET

imaging format.
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7.4 GE Discovery ST PET scanner

[78] The GE Discovery ST PET/CT scanner consists of a CT (x-ray computerised tomog-

raphy) scanner on the front and a set of PET detection rings at the rear. Figure 7.7 shows

a photograph of the scanner. It was released on the market in 2003 and the specific scanner

at the University of Birmingham was originally bought by the Queen Elizabeth hospital,

Birmingham in 2005 and transferred to the Positron Imaging Centre (PIC) in late 2015.

Figure 7.7: GE Discovery ST PET scanner [91].

PET imaging is the main focus of the scanner’s use, therefore, the CT part of the scanner

was not used due to the health and safety risk it poses without the correct infrastructure (e.g.

a lead lined shield wall for the operators to stand behind). However, it is important to note

that for larger objects with varying density, where attenuation effects can have a significant

impact on the image quality, attenuation corrections obtained by CT images are required for

quantitative PET imaging. Fortunately, for the initial study with CALGAVIN, the device
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Figure 7.8: BGO crystal block attached to four PMTs.

under investigation was well localised to a known pipe (of 30 mm interior diameter) and had

roughly uniform attenuation.

The PET detector section of the scanner was constructed such that 35 modules are arranged

in a ringed structure and there are 2 sets of module rings. Each module consisted of 8 BGO

crystal blocks in a 2 × 4 matrix. Each of these crystal blocks was cut into a 6 × 6 crystal

grid attached to 4 PMTs as shown in figure 7.8. There are four crystal blocks arranged next

to each other to form the 15 cm length of the Axial Field Of View (AFOV), see figure 7.9.

As mentioned in section 7.3.4, the “2D” imaging format was used for all data collection.

This means that each 6.3 × 6.3 mm crystal forms coincidences with the crystals on the same

6.3 mm ring and half the crystals on either side. There are 24 of these crystals along the

AFOV. As each crystal forms coincidences with a total of 2 crystals this would produce 48

axial slices. However, as the end crystals each miss a half crystal to form coincidences with,

then the total number of axial slices in a PET image is 47. Therefore, as labelled in figure

7.9, each axial slice covers a physics length of 3.27 mm. However, due to the nature of the

detectors and the interaction of positrons in matter, the axial resolution would be poorer

than this and needed to be measured. The number of coronal and sagittal slices of the final
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Figure 7.9: Diagram of the PET detector arrangement parallel to the axis of the
scanner. The length of the AFOV is given for the image reconstruc-
tion and the physical detector AFOV are labelled. This diagram was
taken from [92](page 308).

PET image depends on the size of the reconstruction matrix used. For example a 256 × 256

reconstruction matrix produces 256 coronal and 256 sagittal slices.

7.4.1 Calibration and quality assurance of PET scanner

[78] In order for any information to be gained from images produced by the PET scanner,

images of known objects must be taken and analysed to check that investigative images are

reliable. In addition to this it is important to know with what precision the information

gleamed from the images can be trusted.

[78] These assessments are commonplace for all medical scanners and NEMA guide lines [93]
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are often used as a reference for quality assurance testing methods. The variation in image

resolution and quality needed to be ascertained before being able to draw conclusions about

unknown systems. These investigations and their results are described in section 8.1.

7.4.2 Noise Equivalent Counts

Before investigative PET imaging of industrial devices could occur, the amount of activity to

be used in the images needed to be established. Increasing the activity improves the quality

of the images to a point, after this the number of random coincidences become too prevalent

and increasing activity no longer improves the image and may cause a decrease in image

quality. By detecting delayed coincidence events, the contribution of random coincidences

can be determined and subtracted from the image, but this subtraction causes an increase

in statistical noise. Measuring the Noise Equivalent Counts (NEC) provides a good way to

address this.

[78] NEC are the “number of counts which would give the same signal to noise ratio on the

basis of simple Poisson statistics” [94]. To obtain this value, the number of random counts

being produced needs to be known. The prompt counts from a scanner are formed of random

(R) and true (T) coincident counts collected when a γ rays starts the coincidence window

timer and a second γ is detected within the time frame τ (as discussed in section 7.3.2). If

the starting of the coincidence window was delayed by a time longer than τ then the only

counts collected are random coincidence.

The following are definitions of the types of counts [94]:

Prompt (P) = T+R (7.4)
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Figure 7.10: An example total true, random and NEC counts against activity.
This graph was taken from [95].

and

Delay (D) = R, (7.5)

therefore,

T = P – D. (7.6)

NEC is defined as,

NEC =
(P −D)2

(P +D)
, (7.7)

which can be written as

→ NEC =
T 2

(T + 2R)
. (7.8)

As mentioned previously, increasing the activity improves the quality of the image. However,

because rate of random counts increases non-linearly, there comes a point where there is

limited/no improvement in image quality with increase in activity. This is reflected in the

plateauing of the NEC shown in the example graph in figure 7.10.

[78] A graph, like the one in figure 7.10, showing total, true, random and noise equivalent
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counts is a common assessment made of PET scanners. It can be carried out by taking a

short lived positron emitter such as 18F and allowing it to decay in the scanners FOV while

recording the prompt and delayed (random) counts. This information is used in equations

7.6 and 7.8 to form the NEC data points.

To establish the optimal activity for imaging using the GE Discovery ST PET/CT scanner,

the data for a NEC graph was collected and the results are discussed in section 8.1.4.
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Chapter Eight

Industrial PET imaging experimental

work

In this chapter the practical elements of the PET investigation and the analysis and results

of these are discussed.

Before, the PET scanner could be used to investigate machinery, a full calibration of the

scanner was needed. This included energy calibration, timing calibration between detectors

and crystal position calibration. Moreover, investigations into capabilities of the scanner

were required to understand imaging limits and enable optimisation of the resultant images.

For example, determining the NEC variation with activity allows the identification of the

optimal activity range of tracer to be used in a future investigation. It was also important

to know the types of information that could be extracted from the images, therefore, how

the spatial resolution of images changed depending on the position of the sources within

the field of view was measured as well as the how image quality changed depending on

the reconstruction methods used and length of data collection. All of these preliminary

investigations along with the work carried out to fix the initial faults within the scanner

system are described in detail in section 8.1.
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After the scanner was calibrated and parameterised, a heat transfer solutions company,

CALGAVIN, approached with a question about the flow of fluid through two different designs

of their stationary mixers; the Bubble Bursting (BB) insert and the Harris insert. The main

question posed was – is there any fluid stuck or flowing through the centre of the pipe

with either insert? Section 8.2 discusses, in more detail, the reasoning behind why it was

important to know this information as well as the results found. Other types of information

that could be obtained from these data were also investigated and discussed. From this

work a lot was learnt on how to improve future investigations of this type and the variety of

information PET imaging could bring to industrial investigations.

8.1 Preliminary work

8.1.1 Initial faults

The GE Discovery ST PET/CT scanner currently at the University of Birmingham’s PIC

originally came from the Queen Elisabeth Hospital, Birmingham in 2015. Until 2017 it

had not been used regularly and was no longer in a working state. From October 2017 till

April 2018 work was focused on finding and solving the various problems that had arisen.

Initially the computer operating system would not boot up fully. One of the DARC (data and

reconstruction computer) discs had become faulty and required replacing. Once the system

turned on fully, two more faults were identified. One of the crystal block preamplifiers had

broken and was short circuiting the detector ring. The offending module this block belonged

to was found by measuring the potential difference across half of the detector ring to assess

which half of the ring the break had occurred. Then half of the half was tested and so on

till the module was identified and the electronics board of this module including the broken

preamplifier was replaced. Furthermore, one of the data control modules had developed a
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fault and was identified by rotating the modules around and seeing how the error messages

changed. Once identified, the module was replaced.

These were the major faults with the scanner that were resolved. However, due to the age

of the scanner, the system would often freeze and require rebooting. In addition, one of

the RAM cards was replaced in the main computer. Once the scanner displayed no faults,

calibration and quality assurance testing began.

8.1.2 Scanner calibration

The scanner has built in calibration steps and protocols as well as monthly, weekly and

daily quality assurance tests. The calibration steps mentioned in the service manual [92]

(pages 76-93) were followed. This included energy calibration, timing calibration between

detectors, and crystal position calibration. However, one of the main issues that arose when

calibrating the scanner was that the processes relied on a inbuilt 68Ge pin source. This

should be replaced every year [96] as 68Ge has a half-life of 270.93 ± 0.13 days [15]. The pin

source was last replaced in 2015. The original activity was 55 MBq therefore, the activity of

the pin source was less than 4 MBq when the PET scanner needed to be re-calibrated.

The calibration pin source was no longer active enough for accurate calibration. Therefore,

to resolve this, a cylindrical phantom, 15 cm long and 5 cm in diameter, was filled with a

positron source (18F-water). The cylindrical phantom was used in addition to the pin source

and was placed on the bed in the middle of the detector rings to provide a uniform irradiation

of the PET detectors when calibrating.

One of the main problems of working with a former medical PET scanner was that many of its

inner workings are not publicly available. Although the calibration steps in the manual were

followed the scanner calibration did not improve when using the supplementary cylindrical
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phantom placed continuously in the centre of the scanner. The missing step was that the

pin source (which is always concealed within the PET scanner casing) is not continuously

exposed to the detectors during the calibration process. When the calibration processes are

running there are periods where the pin source is out of its lead lined case and in the FOV

of the scanner and there are times when the pin source is store in a lead lined case, outside

the FOV of the scanner. This allowed the electronics to compare the difference with and

without a source present and adjust itself correctly from this. Once this was realised the

supplementary cylindrical phantom was placed in and out of the FOV in time with the pin

source. After this realisation, the energy, detector coincidence, and crystal position mapping

calibrations greatly improved with each calibration iteration.

Unfortunately, the original calibration was lost during the early calibration attempts per-

formed without removing the phantom, so the subsequent calibration of the scanner took

many iterations. The crystal mapping which allows the scanner to identify the centre of each

crystal block took a particularly long time to recover.

For some aspects of the calibration the supplementary cylindrical phantom filled with 18F-

water was not optimal but these are discussed in section 9.1.1. However, once the scanner

was calibrated to a usable state spatial and timing resolution investigations were carried out.

8.1.3 Resolutions assessments with active point sources

To establish the spacial resolution of the scanner a source smaller than the spacial resolution

should be used. Two 1mm glass beads were soaked in 18F water and baked under a heater.

After the beads were dry the activities of the beads were measured in a well counter. Bead

A had an activity of 0.2 MBq and bead B had and activity of 0.3 MBq. Bead B was then

placed in the centre of the scanner (position 1 in figure 8.1) and image data were collected
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Figure 8.1: The positions of active beads A (yellow) and B (blue) during three
different 120 second scans. The measurements of each bead’s posi-
tion were measured from the centre of the scanner.

for 120 seconds. Beads A and B were then placed near the edges of the AFOV and the edges

of the scanner bed as shown by positions 2 and 3 in figure 8.1, respectively.

The three data sets were reconstructed using FBP. The reconstructed data were then trans-

ferred from the PET scanner to an external computer where the images were processed and

analysed using Mango [97], a Digital Imaging and Communications in Medicine (DICOM)

software package. In addition to viewing the axial, coronal, and sagittal slices of the PET

images taken, Mango was used to extract image intensity cross-section (profile) and volume

data. Tools in Mango allow lines to be drawn on individual slices of an image. The profile

of the intensity along this line was extracted as a csv file. Regions of interest (ROI) can also

be drawn on the images and the intensity of each image voxel (3D pixel) within that ROI

was extracted in the form of a histogram csv file.

Intensity profiles were taken of each bead from the: left to right (L to R); anterior to posterior

(A to P); and superior to inferior (S to I) directions. These intensity profile measurements
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Figure 8.2: An intensity profile through the centre of bead B. The line cutting
though the image from the superior to the inferior direction looking
at a coronal slice of the bead. The intensity (in arbitrary units) of
the image along this line was measured every millimetre and the
data points are presented in blue. The spread of the point source
was fitted with a Gaussian as shown by the dotted green line.

were carried out for each perpendicular (axial, coronal, and sagittal) slice through the centre

of each bead. For each intensity profile a Gaussian was fitted to the intensity data. An

example of this is demonstrated in figure 8.2.

The FWHM values were calculated from the Gaussian fit parameters of each intensity profile.

Beads A and B were of comparable size and activity, within errors, therefore, their FWHM

values for a particular direction (L to R, or A to P, or S to I) were averaged. A sample

standard deviation divided by the square root of the number of FWHM values averaged

was used for the error on the average FWHM for a particular bead position within the

scanner. Figure 8.3 shows how the FWHM values of a point source vary with the direction

of measurement, depending on the position of the bead within the scanner.
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Figure 8.3: The average FWHM measurement of a point source (1 mm beads, A
and B) in three directions of a 120 second PET image: left to right
(blue); anterior to posterior (orange); and superior to inferior(grey).
Positions of beads A and B are denoted by a number 1, 2 or 3 and
these correspond to the positions in figure 8.1. The reconstruction
of each image was through the FBP method and the size of the
reconstruction matrix used is also given under each set of data.

Initially, a comparison was made between reconstructing FBP images using either a 128 ×

128 matrix or a 256 × 256 matrix. The FWHM values for these two scenarios are given

by the first two data sets in figure 8.3. Increasing the reconstruction matrix significantly

improves the spatial resolution (decreases FWHM) in the transaxial directions (R to L and

A to P). An improvement in spatial resolution with matrix size was to be expected as a

larger reconstruction matrix allows for greater detail. Thus the 256 × 256 matrix was used

for all subsequent FBP reconstructions.

When the beads were placed in position 2 (see figure 8.1), 20 cm away from the central line
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(a) Beads A and B placed 8.5 ± 0.5 mm
apart in the L to R direction.

(b) Beads A and B placed 8.0 ± 0.5 mm
apart in the S to I direction.

Figure 8.4: 120 second PET images of two beads reconstructed using a 256 ×
256 FBP matrix. The images are coronal slices through the centre
of the two beads.

of the scanner, the resolution in the A to P and S to I directions became poorer, i.e. the

FWHM values significantly increased. In this case the beads are much closer to one set of

detectors than another. However, as the beads were placed along the axis but at the edges of

the AFOV, 6 cm from the centre of the scanner (position 3) then there was very little to no

significant impact on the image resolution. From this data it was concluded that for objects

placed centrally along the axis of the scanner, the imaging resolution was approximately

independent of axial position, as expected when using the scanner in 2D mode.

The axial (S to I) direction consistently has the best resolution with a point source presenting

a FWHM of 5.5 ± 0.2 mm when positioned on the axis of the scanner. The transaxial

resolution values, 9.1 ± 0.1 and 9.6 ± 0.1 mm in the R to L and A to P directions, respectively,

are significantly poorer for a point source placed centrally within the scanner. The impact

of this can be seen in figure 8.4 (a) and (b) where beads A and B were placed in the centre
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Figure 8.5: The average FWHM measurement of point sources (beads A and
B) in three directions of a 1 and 120 second PET image: left to
right (blue); anterior to posterior (orange); and superior to inferior
(grey). Positions of beads A and B are denoted by a number 1, 2
or 3 and these correspond to the positions in figure 8.1. Each image
was reconstructed using a 256 × 256 FBP matrix.

of the scanner but 8.5 ± 0.5 mm apart in the L to R direction and 8.0 ± 0.5 mm apart in

the S to I direction, respectively. 120 second image frames were taken. It is clear that at

this close proximity, the beads separated in the L to R direction could not be resolved from

each other, whereas the beads separated in the S to I direction could clearly be distinguished

from one another.

The impact of the length of time data was collected for on the image resolution was also

studied. When the 120 second frames images of beads A and B were taken, as described

above, additional one second frame images of the beads were also collected. These short

frame images were also reconstructed using a 256 × 256 matrix FBP and the intensity

profile process to determine the FWHM in the three directions was carried out in the same
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(a) Image data collected for 1 second. (b) Image data collected for 120 seconds.

Figure 8.6: PET images of two beads (A and B) separated by 8.0 ± 0.5 mm
in the S to I direction and reconstructed using a 256 × 256 FBP
matrix. The images are coronal slices through the centre of the two
beads and the data for each image was collected for different lengths
of time.

way. A comparison of the two data sets (1 and 120 second images) is shown in figure 8.5.

Apart from a small improvement (0.2 mm) for resolution with increased data collection in

the S to I directions when the bead was placed centrally (position 1), there was no significant

impact on image resolution of a point source with decreasing the time the image data was

collected for. Therefore, the spatial information data from axial image slices taken for

different durations can be compared.

The slight improvement in spatial resolution in the S to I direction can be seen in figure 8.6

by comparing a 1 and 120 second image taken of beads A and B spaced 8.0 ± 0.5 mm apart

in the S to I direction. Figure 8.6 demonstrated that the longer data collection time enabled

the differentiation of the two beads when they were placed so close together.

Including 256 × 256 reconstruction FWHM data from both the 120 and 1 second frame
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images, point source resolution (FWHM) values along the central axis of the scanner vary

from 8.8 to 10.0 mm in the L to R direction, 9.5 to 11.5 mm in the A to P direction, and

5.3 to 5.9 mm in the S to I direction depending on the source position along the AFOV.

However is it also important to know how clearly an area with no activity (a cold spot) can

be seen in an otherwise uniform activity background. This was investigated and is discussed

below. Moreover, the data discussed till now was of point sources for which reconstruction is

relatively simple. The effect of changing the image frame length would become clearer when

imaging a more complex object. This is the point of discussion in section 8.1.5.

8.1.4 NEC

As discussed in section 7.4.2, NEC is an important measurement used to determine the

optimal activity for taking an image. For health and safety reasons, it is best to use less

activity. In addition, too high an activity causes random events to occur too often. NEC

graphs allow the determination of activity needed for a good quality image before random

counts become a too prominent a feature.

To calculate the NEC values for a range of activities, a small 50 ml phantom was filled with

345 MBq (measured using a well counter) of 18F water and placed centrally within the bore of

the scanner. While collecting a scan, the GE discovery ST scanner outputs “Delayed Events

Subtraction” true and random counts. Over the subsequent 400 minutes, a total of 20 one

minute scans were recorded, until the activity was 29 MBq. The true and random event

counts were recorded for each minute. Equation 7.8 was used to calculate the NEC value

for each scan and the activity of the phantom was calculated using equation 4.19 where the

half-life of 18F is 109.77 minutes [15]. The total, true, random and NEC are plotted in figure

8.7. However, there was a large range of activities between 70 and 140 MBq where data

points were missing. Therefore, the measurements were repeated the next day, but starting
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Figure 8.7: NEC (blue) calculated by measuring true (grey) and random (or-
ange) counts recorded within a minute using a 50ml phantom of
different activities. The points with the black centres were taken on
the next day. A polynomial line of best fit was applied to the NEC
data and the equation for this is displayed in the graph.

with a phantom of lower activity, 170 MBq. These are represented in figure 8.7 with the

black centred data points. This second set of data confirmed the trend of the previous data

set.

A polynomial was fitted to the NEC data and the maximum of the NEC was found to

correspond with an activity of 264 MBq. Due to the increased health risks of using higher

activities it is not necessarily beneficial to use 264 MBq of activity. Moreover, the NEC does

not change much with activity over a wide range: there is only a 22% increase increase in

NEC from 140 MBq to 264 MBq. Therefore, activities ranging from 140 to 240 MBq were

used in subsequent work with CALGAVIN.
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8.1.5 The effect of data frame length on image quality

Often, the purpose of taking PET images of industrial machinery will be to look at the change

in movement of something inside. Therefore, it is important to know how short an image

frame can be and still provide useful, accurate and precise information. As seen in section

8.1.3, seeing the change in image quality is not always obvious when using point sources.

In addition, the objects being imaged in industrial machinery are more complex in shape.

Sometimes the object of interest is actually not radioactively labelled but is surrounded by

activity. The ability to be able to see this cold spot and measure its dimensions is therefore

important. As discussed in section 8.1.3, the scanner resolution (FWHM of a point source)

in the L to R and A to P directions was approximately 1 cm. To test if a 1 cm cold spot

could be seen against a uniform activity background, a 10.14 ± 0.09 mm glass bead was

submerged in a 50 ml phantom containing 18F water. This also provides a more complex

shape to image and compare how changing frame length affects the image quality.

The 50 ml phantom was filled with 18F water and placed in the centre of the scanner. When

the total activity of phantom was approximately 250 MBq (near the maximum of the NEC

curve in section 8.1.4) a selection of images were taken of varying lengths, 1, 2, 3, 5, 10, and

120 second frames. Each frame was reconstructed using a 256 × 256 FBP matrix. An axial

slice through the centre of the bead in the phantom is displayed in figure 8.8 for each frame.

Though the images increase in quality with duration of data collection the cold spot is clearly

visible in all of the images. Comparing the images to the 120 second frame (bottom right of

figure 8.8), the image quality of this phantom at 3 and 5 second frame images are reasonably

similar to that of a 120 second frame.

A second set of images was taken in the same way when the total activity of the phantom

reached approximately 150 MBq. This activity was chosen as it was at the bottom of the
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Figure 8.8: A 50 ml phantom filled with approximately 250 MBq of 18F water,
containing a 10.14 ± 0.09 mm glass bead (cold spot) was placed in the
centre of the scanner and six frames were taken of differing lengths:
1, 2, 3, 5, 10, and 120 seconds. Each frame was reconstructed using a
256 × 256 FBP matrix. An axial slice through the centre of the bead
is shown in each image and the frame length the data was collected
for is also displayed on each image. The 50 ml phantom is denoted
by the lighter areas and the bead by the dark areas withing the light.
The length of each frame is indicated in the top left of each image
and the blue cross-hairs pass through the centre of the bead.
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Figure 8.9: A 50 ml phantom filled with approximately 150 MBq of 18F water,
containing a 10.14 ± 0.09 mm glass bead (cold spot) was placed in the
centre of the scanner and six frames were taken of differing lengths:
1, 2, 3, 5, 10, and 120 seconds. Each frame was reconstructed using a
256 × 256 FBP matrix. An axial slice through the centre of the bead
is shown in each image and the frame length the data was collected
for is also displayed on each image. The 50 ml phantom is denoted
by the lighter areas and the bead by the dark areas withing the light.
The length of each frame is indicated in the top left of each image
and the blue cross-hairs pass through the centre of the bead.
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usable range of activities according to the NEC values in section 8.1.4 . These six images

were processed in the same way as before and are shown in figure 8.9.

Comparing figures 8.8 and 8.9, the use of a lower activity decreased the quality of the image.

For this lower activity, a 5 second frame would be the limit of reconstruction to obtain a

image of quality comparable to a 120 second image. Therefore, depending on the activity

used in the experiment a minimum of a 3 or 5 second frame length should be used.

Moving point source

Imaging a point source source is less demanding for reconstruction. Therefore, 1 second

frame images can be used to image point sources moving. To test this a 3 mm glass bead

was imbued with 6 MBq of 18F and placed 5.8 ± 0.5 cm from the centre of a spinning arm, in

the FOV of the PET scanner. Sets of 1 second frame images were taken of the bead spinning

in 5.8 cm radius circles at 3 different speeds; 2.9 ± 0.3 cms−1; 5.4 ± 0.5 cms−1; and 29.6 ±

2.6 cms−1. The beads rotation speeds were determined by measuring the time taken for 10

full rotations of the spinning arm. The circumference of the circle the bead at radius 5.8 cm

makes was divided by the time taken for one rotation. Figures 8.10, 8.11, and 8.12 show the

series of 1 second frame images of the bead rotating at the three different speeds.

In a single 1 second frame it would be expected that the image of the point source would show

the length that the bead travels in one second. For each speed, an intensity cross section was

taken along the trajectory of the bead. The intensity profile was a hat function convoluted

with a Gaussian function, therefore, the distance between the start and end of the beads

movements was taken between the half maximum values of the full intensity. These were

measured to be 2.8, 5.4, and 27.8 cm for each speed respectively. These results were within

errors of the speed values thus proving the 1 second images of point sources can be useful

in providing movement information if the bead does not move back on itself within a single
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Figure 8.10: A 3 mm, 18F active, glass bead placed 5.8 ± 0.5 cm from the centre
of a spinning arm. The bead is travelling at 2.9 ± 0.3 cms−1. Each
image is a coronal slice of a 1 second frame reconstructed using a
256 × 256 FBP matrix. Data was taken for 14 seconds. The number
under each image is the frame number.

Figure 8.11: A 3 mm, 18F active, glass bead placed 5.8 ± 0.5 cm from the centre
of a spinning arm. The bead is travelling at 5.4 ± 0.5 cms−1. Each
image is a coronal slice of a 1 second frame reconstructed using a
256 × 256 FBP matrix. Data was taken for 7 seconds. The number
under each image is the frame number.
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Figure 8.12: A 3 mm, 18F active, glass bead placed 5.8 ± 0.5 cm from the centre
of a spinning arm. The bead is travelling at 29.6 ± 2.6 cms−1. Each
image is a coronal slice of a 1 second frame reconstructed using a
256 × 256 FBP matrix. Data was taken for 3 seconds. The number
under each image is the frame number.

frame. Also the bead should be high enough activity to enable good tracking images. This is

especially true if the bead is to be moving quickly as increasing speed effectively reduces the

activity per length travelled. The effect of this can be seen in figure 8.12 where the image

quality of this fast moving bead is poorer compared to figures 8.10 and 8.11 where bead is

moving much slower.

Re-framing data

When the data is being collected, the length of each frame and the number of frames the

data were collected for is specified in a preset “image protocol”. There is an option to also

record the data in list mode (ViP mode), where each coincidence interaction is recorded with

a time stamp. This enables the data to be retrospectively re-framed into different length

frames to the originally collected data. However, this type of data collection requires much

more storage memory. It was determined that the re-framing of a single long frame into

short frames did not affect the image quality and the images produced were comparable to
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those taken directly as multiple shorter frames. However, the effect on total image intensity

was not initially measured and the effects of this were discovered during the analysis of the

CALGAVIN data and are discussed in the latter part of section 8.2.2.

8.1.6 Resolution assessment of cold spots and the use of different

reconstruction methods

As mentioned in section 7.4, the GE Discovery ST PET scanner can reconstruct images using

either FBP or OSEM. Using FBP enables the ability to see if there are any image artefacts

caused by poor calibration. This may not be as clear using OSEM because of the nature of

iterative reconstruction, where a guess of the image is made and then adjusted rather than

simply back projecting the original data. This was why FBP was originally used to establish

the resolution and assess the initial calibrated state of the scanner.

However, OSEM is most commonly used for image reconstruction (for the reasons discussed

in section 7.3.3), therefore, it was important to assess how the image quality changed from

FBP to OSEM. The same 50 ml phantom containing a 10.14 ± 0.09 mm glass bead was

filled with approximatly 250 MBq of 18F water. A 5 second frame of data was collected and

then reconstructed using the OSEM method. The data were divided into 21 subsets and

2 iterations were carried out to form the final images. A 256 × 256 reconstruction matrix

was used. An axial slice through the centre of the bead is displayed in figure 8.13 for both

the OSEM and FBP reconstructed images. The FBP image is the 5 second frame image

originally shown in figure 8.8.

Comparing the two reconstruction methods: the cold spot (bead) is still clearly visible when

reconstructing with OSEM; the edges of the object are clearer; and the background less noisy.

Therefore, OSEM was also used for reconstruction of the industrial imaging investigations
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Figure 8.13: A 50 ml phantom filled with approximately 250 MBq of 18F water,
containing a 10.14 ± 0.09 mm glass bead (cold spot) was placed in
the centre of the scanner. The right hand image show a 5 second
frame image was taken and reconstructed using the OSEM method.
The data were divided into 21 subsets and 2 iterations were carried
out to form the final images. A 256 × 256 reconstruction matrix
was used. This is compared to the 5 second frame, FBP image on
the left taken from figure 8.8. An axial slice through the centre of
the bead is shown in each image. The 50 ml phantom is denoted by
the lighter areas and the bead by the dark areas within the light.

with CALGAVIN which are the topic of the next section.

8.2 CALGAVIN

Among the products designed and produced by CALGAVIN are “stationary mixers” [98].

These are specially-designed inserts for piping that exert forces on the fluid to mix it and

force it to the edges of the pipe. This enables greater and faster transfer of heat to or from
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the system. Figure 8.14 is an image of a sample insert. The metallic loops and twists are

specifically designed for the needs of the customers.

Figure 8.14: A sample of a hiTRAN Thermal Systems stationary mixer produced
by CALGAVIN.

A customer of CALGAVIN commissioned an insert to be produced for their system. The

brief for the insert was that it must provide high heat transfer, disturbance and high pressure

drop. Two designs for the insert were put forward by CALGAVIN. The first was a more

dense version of their traditional insert (shown in the sample in figure 8.14). This more dense

design was called the ‘Bubble-Bursting” (BB) insert, an image of which is shown in figure

8.15 (a). The second proposed insert was named the Harris insert (an image is displayed in

figure 8.15 (b)) and was a completely new design, with a denser and twisting core.

CALGAVIN wished to investigate how the two different insert designs affected the fluid flow

in a pipe. Along with their own measurements (including pressure drop, heat transfer and

time spent in the pipe with an insert, known as residence time) they needed a method of

measuring if there was any fluid hold-up through the centre of the pipe with the insert. If

fluid was trapped or moved too slowly through the centre, this would be problematic for the

processes the insert would be used for. The cross-sectional information PET can produce

was an ideal solution to this and an initial experiment was carried out to determine how

the fluid flowed through the pipe. PEPT was also considered. However, there were concerns

that the beads used to trace fluid motion would become stuck in the dense wiring of the

inserts and would not reflect the true fluid motion.

Therefore, an experiment using PET imaging was designed to look at the fluid flow through
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(a) Bubble-Bursting insert (BB). (b) Harris insert.

Figure 8.15: Two insert designs proposed by CALGAVIN for one of their clients.

the two inserts and compare to the flow through a blank pipe. The following subsection will

describe the experimental set-up used to investigate this and the type of data collected.

8.2.1 Experimental set-up and data collection method

The experimental set-up consisted of a pipe with a 30 mm interior diameter, inside which

the appropriate insert would be placed. The pipe was connected in a closed circuit with a

reservoir; pump; flow meter and controller; four point injection inlet; and an outlet valve.

A diagram of the set-up is shown in figure 8.16 and an annotated image of the set-up is

provided in figure 8.17. The system was operated in a closed loop while it was filled with a
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Figure 8.16: Diagram of the CALGAVIN insert fluid flow investigation experi-
ment.

4:1 ratio of glycerol:water mix. This fluid combination was used to mimic the viscosity of

the fluids that would be moving in the complete system of the client who requested these

inserts. During PET tracer injection and data collection, the system was switched to the

refuse outlet to ensure the PET tracer did not loop back through the system. If the active

fluid did loop back through, this would prevent further measurements that day because the

first injection would spread-out through the system and no longer give a sharp and relatively

short increase in activity within the FOV of the PET scanner as it looped back round.

Therefore, an additional injection would be needed anyway and this next image would be of

lower contrast because the background activity in the scanner would be higher.

For optimal image quality, the pipe was positioned to run centrally through the bore of

the scanner, as shown in figure 8.17. Between the pump and the start of the pipe was the

injection system, consisting of a single syringe feeding four injection points, as shown in

figure 8.18. The aim of this was to provide a simultaneous and uniform injection of activity

round the circumference of the pipe.
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Figure 8.17: An annotated image of the CALGAVIN insert fluid flow investiga-
tion experimental set-up.

Figure 8.18: A diagram of the activity injection point where a single syringe
input is split into four injection points evenly distributed, 90◦ from
one another around the circumference of the pipe. Note that this
diagram is not to scale and the four pipes were of equal length.
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PET data was collected firstly for the Harris insert, then for a blank tube and then for the

BB insert. In each instance several PET data sets were collected. However, the inserts take

up volume within the pipe, therefore the fluid passes more quickly through a pipe with either

insert. The slower fluid movement in the blank tube affected how the PET data was taken

the details of which are specified below.

A small volume of water containing between 140 and 236 MBq of 18F was drawn up into

a syringe. Additional glycerol-water mix was drawn up to the 3 ml marker of the syringe.

The syringe was then shaken to mix the fluids before injecting into the four point inlet just

after the start of PET data collection. PET data was collected for a total of 10 minutes for

each injection. The data was originally collected in ten 1 minute frames but ViP mode was

turned on to enable the re-framing of the data later. For the blank tube a second set of 10

minute data collection occurred, to ensure the full flow of activity past through the PET

scanner was recorded. Some of the activity remained in the inlet tubes thus an additional

10 ml of glycerol-water mix was drawn up into a syringe and injected into the system just

after the start of an additional 10 minute PET scan. A further 10 minute PET scan was

then taken after this for the blank tube. During each 10 minute PET scan the start and end

time of the injection (if this occurred) was recorded along with the maximum kilo-counts

per second (kcps) within the scanner (displayed on the scanner) and the time at which this

occurred within the scan.

8.2.2 Data analysis, results and discussion

Before each data set was reconstructed, the ten 1 minute PET data set was re-framed. Ini-

tially, the Harris and Blank tube data sets were re-framed into 200 three second frames and

each frame was reconstructed using 256 × 256 matrix FBP. However, because the activity in

the tube was less than the initial activity in the syringe the image quality for a three second
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frame was too poor for the Harris insert data and the Harris and BB insert data were then

re-framed into 120 five second frames. Each re-framed Harris and BB insert data set was

reconstructed using 256 × 256 matrix OSEM (divided into 21 subsets where two iterations

were performed) as this provided crisp edges and less background noise. Unfortunately, be-

fore the blank tube data could be re-framed into 120 five second frames and reconstructed

with OSEM, the scanner computer developed a major fault and re-framing and reconstruc-

tion could not take place. Therefore, the blank tube data only existed in 200 three second

frames reconstructed with FBP.

Figure 8.19 displays three orthogonal views of cross-sections through the centre of the pipe

for one set of images produced of the blank pipe (b), Harris (a) and BB (c) insert. Though

the reconstruction method used for the blank tube was different to the insert images, the

blank pipe data still provided information on the evolving distribution of the injected tracer

through a pipe with no insert. It was expected that the activity would be distributed fairly

evenly through the fluid running through the pipe due to the four point injection system.

However, the activity can be seen to be moving along the top of the pipe. This would indicate

that the active fluid injected into the pipe was less dense than the fluid in the pipe - this

is most likely due to the slightly higher water content in the injected fluid - something that

should be reassessed on any future experiment. This aside, by comparing the blank pipe

distribution, figure 8.19 (b), to the Harris (a) and BB (c) insert images, it is clear that the

inserts have an impact on the active fluid distribution. The active fluid is no longed floating

along the top the pipe but is more evenly distributed about the edges of the pipe. It was

then inferred from the movement of the active fluid that all the fluid in the pipe followed

a similar distribution. However, the difference in density was a point that needed to be

considered when analysing the data.

Examining each OSEM reconstructed data set of the Harris and BB insert provided enough

qualitative evidence to prove that no (or very little) fluid flowed through the centre of the
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(a) Harris insert, OSEM
reconstructed image
of the 1:25-1:30 frame
where the scanner
maximum count rate
was 178 kcps.

(b) Blank pipe FBP re-
constructed image of
the 6:27-6:30 frame
where the scanner
maximum count rate
was 178 kcps.

(c) Bubble-Bursting
insert, OSEM recon-
structed image of the
1:55-2:00 frame where
the scanner maximum
count rate was 176
kcps

Figure 8.19: Cross-sections through the centre of the pipe when the activity
in the scanner was at its highest. (The blue lines are image slice
navigation cross-hairs).

pipe. An example data set for each insert is displayed in figures 8.20 and 8.21 where a series

of axial, coronal, and sagittal slices progress with time. These images provided CALGAVIN

with the evidence they needed to conclude that no fluid became stuck or flowed through the

centre of the pipes with either insert. Therefore, either pipe was suitable for their customer.

For CALGAVIN, the aim of this experiment was complete. However, using these CALGAVIN

data sets, a further aim was to determine what other, more quantitative, information could

be extracted using the PET scanner.

The initial and simplest quantitative information that could be extracted was the dimensions

of flow of the fluid. Figures 8.19, 8.20 and 8.21 qualitatively show that the Harris insert

produces a thinner ring of flow compared to the BB insert. To establish this for certain,

the intensity profiles along cross-sections of different image slices were used to measure the

difference between fluid flow ring radius and thickness for each insert.
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Figure 8.20: Five second frames of the Harris insert between 1:00 and 2:00 min-
utes of this particular scan. The maximum count rate recorded in
the scanner for this data set was 178 kcps. The images are OSEM
reconstruction and the axial slice (largest image in each frame) is
through the centre of the AFOV of the scanner. The coronal and
sagittal slices (left and right, respectively, directly underneath each
axial slice) were taken through the centre of the pipe. The time of
each frame is given at the top of each axial slice.
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Figure 8.21: Five second frames of the BB insert between 1:30 and 2:30 minutes
of this particular scan. The maximum count rate recorded in the
scanner for this data set was 176 kcps. The images are OSEM
reconstruction and the axial slice (largest image in each frame) is
through the centre of the AFOV of the scanner. The coronal and
sagittal slices (left and right, respectively, directly underneath each
axial slice) were taken through the centre of the pipe. The time of
each frame is given at the top of each axial slice.
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Measuring how the width of fluid flow changes with time.

For both the Harris and BB insert image data, a coronal slice through the centre of the pipe

was selected for each time frame and a line was drawn from left to right through the central

point of the AFOV. The intensity profile along the cross-section line was extracted and two

Gaussian peaks were fitted as shown in figure 8.22. The central point (µ) and σ values for

each peak were extracted from the fitting parameters. The FWHM of each peak in the fit

were calculated using 2
√
(2 log(2))σ and the inner and outer diameters of the rings of fluid

flow were calculated using

inner diameter =
(
µ2 −

FWHM2

2

)
−
(
µ1 +

FWHM1

2

)
(8.1)

and

outer diameter =
(
µ2 +

FWHM2

2

)
−

(
µ1 −

FWHM1

2

)
, (8.2)

where 1 and 2 denote the first and second peak in the fit.

The inner and outer diameter measurements were calculated for the same position on the

pipe for each five second frame between 1 and 3 minutes where the intensity of the tracer

was highest. Figure 8.23 shows two plots of the these diameters for the Harris (a) and BB

(b) insert against time. The error bars of each point were calculated using the errors on the

fit parameters. However, given the diameter fluctuations are much larger than these error

bar more investigation is needed to establish if these are true fluctuations in diameter of flow

or if the error margins on each measurement were too small.

For both the Harris and BB insert the outer diameter measurements were relatively stable
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Figure 8.22: Intensity profile of a cross-section line taken from left to right across
a coronal slice through the centre of the a pipe with a Harris in-
sert. The intensity measurements every millimetre along the cross-
section line (blue dots) were fitted using two Gaussians (green line).

with time. However, for the inner diameter of flow there appears to be a decease in diameter.

This is especially true for the BB insert. The change in trend and more sporadic nature of

the later data points is most likely due to there being less activity in the scanner at this time.

A cut-off on intensity peak height was considered to remove some data points which have

poorer statistics. However, even the last data points produced peaks that were at least 10%

that of the highest intensity peak of the earlier data points. Therefore, the change in inner

diameter seen may be a genuine product of the fluid movement, but further investigation is

needed.
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(a) Harris (b) BB

Figure 8.23: The inner and outer diameter measurements of the flow of fluid
through the Harris and BB inserts against time. The diameters
were measured using left to right cross-sections of a coronal slice
through the centre of the pipe. The measurements were taken at
the centre of the AFOV.

Ignoring these fluctuations in diameters, the data points were averaged for each instance

and the outer diameters of the Harris and BB inserts were 31.6 ± 0.3 and 28.7 ± 0.3 mm,

respectively. The inner diameters were and 16.6 ± 0.4 , 9.2 ± 0.7 mm respectively. The error

margins were the standard deviation√
number of data points . The outer diameter of the Harris fluid flow is slightly

larger than the interior diameter of the pipe (30 mm). However, if the fluid is being pushed

close to the edges of the pipe walls then this is to be expected due to the Gaussian blurring of

the PET spatial resolution. From these diameter measurements it can be definitively stated

that the Harris insert forces the fluid flow towards the walls of the pipe more than the BB

insert. Therefore, the Harris insert may cause better heat transfer rates than the BB insert.

Moreover, there is a larger area of the inner pipe for which there is no fluid flow in a pipe

with a Harris insert compared to a BB insert.

It is important to note that the intensity profiles through sagittal slices were also taken

in the A to P direction. However, due to the density bias of the active fluid to float to

the top of the pipe, the intensity profiles of these cross-sections were more asymmetric and
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skewed the width measurements. Therefore, only L to R cross-sections were used for width

measurements as these were more symmetric and unaffected by density difference between

the active and inactive fluid.

Measuring the width of fluid flow along the length of the pipe within the AFOV.

Rather than looking at how the diameter of the fluid flow in the pipe changes with time,

the same coronal (L to R) diameter measurements were taken at different points along the

AFOV (i.e. along the pipe) within the same image frame. The image frame selected was

that with the highest activity present in the FOV. This measurement was to determine if

the diameter of fluid flow changed along the pipe. These results are displayed in the graphs

in figure 8.24. The fluid flowed from the inferior to the superior direction. The lower axial

slice value is the superior end of the PET scanner. The diameter measurements showed

small fluctuations along the axis, however, the error margins of the measurement may be

underestimates, as discussed previously. To determine if this were true, the data could be

re-framed into longer time frames to improve the image quality and statistics. A better

measurement of the diameter widths could be made using this data. Unfortunately, due to

the technical difficulties with the scanner this was not possible.

The data points were averaged for each instance and the outer diameters of the Harris and

BB inserts were 31.3 ± 0.4 and 27.9 ± 0.4 mm, respectively. The inner diameters were 16.9

± 0.2 and 11.1 ± 0.3 mm, respectively. The error margins were the standard deviation√
number of data points . The

Harris insert diameter averages for the variation along the length of the pipe and variation

with time are within error of each other. However, this is not true for the BB insert where

the difference between the average diameter against time and the average diameter along

the pipe is within two standard deviations for the outer diameter and within 3 standard

deviations for the inner diameters.
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(a) Harris
(b) BB

Figure 8.24: The inner and outer diameter measurements of the flow of fluid
through the Harris and BB inserts at different axial slices along the
pipe. The intensity profiles used to measure the widths were taken
left to right across a coronal slice through the centre of the pipe.

In conclusion the Harris insert produces the most consistent fluid flow with time and spatial

position along the pipe. It also forces the fluid to the edges of the pipe more than the BB

insert and there is clear area of no fluid flow in the centre of the pipe. From this information

is was suggested that the Harris insert would be the most appropriate insert to use for the

client of CALGAVIN. However, the pressure change caused by the Harris insert compared

to the BB insert was too great and the BB insert was selected for the client.

Residence time

One of the measurements performed by CALGAVIN to quantify the rate of motion within

a pipe with a particular insert is residence time. CALGAVIN originally investigated this by

injecting a solution which conducts electricity before the start of the pipe with the insert.

A voltage measurement is take at the start (top) and end (bottom) of the pipe. The time

taken to travel the distance separating these points, the residence time, is then extracted

from these data and the spread of the injected fluid can also be measured. An example of
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this type of data is shown in figure 8.25 where three data sets are overlaid. In this example,

a residence time of about 180 seconds was measured for this particular fluid flow rate.

Figure 8.25: The voltage measurement at the start (Top) and end (Bottom) of
the pipe after a solution which conducts electricity was injected be-
fore the start of the pipe with an insert. There are three data set
shown. These data were collected and this image was produced by
CALGAVIN [75]. The residence time for these data sets was mea-
sured to be approximately 180 seconds as indicated on the graph.

The aims of these PET investigations were not only to provide CALGAVIN information on

fluid flow through the centre of the pipe but to also establish what other useful parameters

could be quantitatively measured using these images. The measurement of residence time,

previously performed using an electrically conducting solution, could usefully be achieved

using the PET images previously collected for establishing the dimensions of fluid flow. In

this instance the electrically conducting solution is replaced by a PET tracer.

An example of how this would be achieved was carried out using a set of Harris insert data.

This was because the Harris insert was originally seen as the better insert when looking at

fluid flow dimensions alone (see previous subsection). To provide the residence time using

the PET data, the total intensity of a single (3.3 mm thick) axial slice was measured for each

5 second frame between 1 and 4 minutes. This was achieved by using the following steps.
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Figure 8.26: The data points are the total intensity of the volume of a single
axial slice measurement as a function of time for three different
axial (z) slices, 39.3 mm apart from one another. The z = 23 slice
is the central slice in the AFOV. The lines between the points are
a guide for the eye.

For each frame, a volume of interest, one axial slice thick, was drawn on the image. A

histogram of the voxel intensities within this volume was extracted (excluding zero value

voxels). The intensity range of the histogram was from 0 to 0.3 arb. intensity units and was

split into 300 bins. The number of counts in each bin was then multiplied by the intensity

value midway between the value of the bin the counts were in and the next bin up (i.e.

the bin value + 0.0005). These 300 intensity values were then summated to produce the

total intensity value of the volume in one PET axial slice. The total intensity measurement

variation with time were carried out for 3 different axial (z) slices, z = 35, z = 23 (the axially

central slice), and z = 11. The z = 11 and z = 35 slices were 39.3 mm superior and inferior

to the central slice, respectively. The variation with time of these total slice intensity values

are displayed in figure 8.26.
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As the fluid flowed from I to S then, as expected, the intensity of the z = 35 slice increased

first, followed by the central slice (z = 23) and then the z = 11 slice. The width of the

intensity peak also broadens slightly as the active fluid flows through the pipe. Moreover,

the small fluctuations in intensity, which are potentially due to how the tracer was injected,

smooth out farther along the pipe as the insert mixed the fluid. Taking into account the

flow rate and the distance between the measurements along the pipe, a residence time could

be calculated.

Further analysis was carried out to examine the small bump that occurred at 60 seconds in

figure 8.26. The potential non-uniformity of the injection of the tracer might explain this

bump. However, a 5 second image of a single slice possessed too low a level of statistics to

draw a definite conclusion. To examine the cause of this bump at 60 seconds using more

statistics the total intensity extraction steps were repeated for the whole FOV of this data set,

not just one axial slice. When the total intensity value for the whole FOV of each 5 second

frame was plotted against time a clear pattern emerged of discontinuous intensity behaviour

every minute as seen in figure 8.27. This was traced back to how the data were original

collected, in ten 1 minute sections. Towards the end of each minute frame there appears

to be an adjustment of image intensity where the intensity levels out. Then at the start of

the next frame the intensity appears to resume its decrease, following the original pattern at

the start of the previous minute. This jump in behaviour every minute caused the intensity

discontinuity between each minute frame. The reason for this discontinuous behaviour is

most likely due to an in-built feature of the scanner to optimise the image quality between

frames. It is known that medical PET scanners will adjust perceived activity of an object

with time, adjusting the data in accordance with the half-life of the tracer being used. Due

to the tracer being pushed through the pipe much faster than the half-life of 18F this may

cause conflict in the data handling within the scanner between each image frame. However,

in future experiments this discontinuous intensity behaviour between separate frames can be
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Figure 8.27: The time evolution of the total intensity measurement of the total
volume inside the FOV of the PET scanner. The data points were
taken for each 5 second frame of a Harris insert data set. Every
minute there are clear discontinuities in the intensity data most
likely due to how the data was originally collected in ten 1 minute
frames.

avoided by collecting a set of data as one image frame and then later re-framing the data

into smaller time frames.

This easily correctable mistake in PET data collection aside, PET has a clear advantage

over previous methods of residence time measurement, for PET measurements can occur at

multiple points (up to 47, as this is the number of axial slices) along the pipe. Therefore,

the effect of the length of the insert on the residence time could be measured more easily in

this form of data collection. Moreover, in one PET measurement multiple parameters can be

measured at once, for example, the dimensions of flow with time as well as volume intensity

profiles. Unfortunately, to produce usable quality images the time resolution of each frame

is limited to 1 second for simple point sources and 3 or 5 seconds for more complex images.
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Unfortunately, the PET scanner continued to have faults. It was problematic when turning

the machine on and attempting to take and process data. Thus, to due to the pressures of

time, further investigations using this scanner were terminated. However, with more time,

more research could and should be carried out using PET imaging for industrial images

including the extraction of more quantitative information from the CALGAVIN PET data

already collected. This will be discussed in chapter 9.

More information on potential future measurements using the PET scanner and improve-

ments to measurements already discussed are detailed in the following chapter, along with

a summary of the benefits PET imaging has to offer the industrial community.
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Conclusion and future work

The main aim of these PET studies using the GE Discovery ST PET/CT scanner was to

devise novel techniques of using a former medical PET scanner to explore the breadth of

information that could be extracted from PET images taken of industrial machinery. More-

over, the niche advantages of PET over PEPT imaging needed to be qualified by extracting

industrially useful information from PET images which would otherwise not be obtainable

by PEPT or other non-positron techniques. Both of these aims were achieved during the

PET work carried out with industrial partner, CALGAVIN and are discussed in more de-

tail below. However, the work with CALGAVIN would not have been possible without the

preliminary studies which tested the spatial and time resolution limits of the PET scanner.

From preliminary studies, the spatial resolution of a point source placed centrally within the

FOV of the PET detector rings was established to be 5.5±0.2 mm in the superior to inferior

direction; 9.6±0.1 mm in the anterior to posterior direction; and 9.1±0.1 mm in the left to

right direction. It was also established that the resolution capabilities did not change signifi-

cantly when moving the point source along the axis through the centre of the bore. However,

the resolution became slightly poorer if the source was placed away from the central axis.

This information was useful in understanding that the systems under investigation should

be placed along the central axis of the scanner and that the image spatial quality is fairly
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uniform along the axis, thus spatial measurements made along this direction are comparable.

One of the most important features investigated was how the image quality was affected by

duration of data collection and activity of tracer used. These were imperative to establishing

the limits of how quickly a PET image of useful quality can be taken and to set boundaries

on the types of machinery mechanism that can be followed. For a point source tracer, usable

PET images could be produced within 1 second. However, one of the main advantages of

PET over PEPT is the potential to study collective fluid flow in liquid or gas form. For

these more complex images, with enough activity (between 140 - 260 MBq) good quality

three second PET images were producible for the liquid studies. Further preliminary work

would be needed to determine the effect of imaging gases instead.

The work with industrial partner, CALGAVIN, was successful in providing information about

the fluid flow distribution through the centre of pipe with two different inserts designed

by them. More importantly, the work with CALGAVIN allowed for exploration of the

PET scanner capabilities and the types of information that could be extracted in future

investigations either with the stationary mixer produced by CALGAVIN or measuring other

mechanisms. It was clear that the dimensions of fluid flow was an obvious quantitative

measurement that could be and was made. The cross-sectional information PET provides is

a useful tool to extract interior motion which would not be possible otherwise. However, a

potentially more interesting and powerful measurement that was initially investigated with

these CALGAVIN data was that of measuring total intensity of image slices over time.

In these initial investigations the 3D image intensity (measured in arbitrary units) was

monitored over several frames. Within a single set of data several measurements can be

compared. This would allow companies to study the duration fluid stays within a machine

and also look at the mixing capabilities as the intensity profile of the tracer changes over

time (e.g. how the width of the injected activity peak widens over time). Unfortunately,

the way the CALGAVIN data was collected impacted the intensity profile and is discussed
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in more detail in section 9.1.2. The improvements to volume intensity measurements are

also discussed in section 9.1.2 where further quantification of intensity measurements are

explained which would allow the intensity information of different data sets to be comparable.

This initial work has highlighted a few new opportunities that PET imaging can provide for

industry. However, in order to carry out impactful research using the GE Discovery ST PET

scanner into the interior workings of machines like carbon absorbers and catalytic converters

(discussed previously and in appendices I and J) improvements in detector calibration and

data collection are needed. Future improvement to these are the main discussion points of

this chapter.

9.1 Future improvements

For some of the PET work carried out using the GE Discovery ST PET scanner, there were

clear areas where improvements could be made and would be advised for future work. How-

ever, there are also other aspects that are more subtle and would need future investigations

to establish if changing the current method slightly would have an positive impact on the

end results. The obvious and less obvious potential improvements are present at both the

scanner calibration stage and the data collection and analysis stage. Addressing these would

be a great start to the next steps in using the PET scanner for more industrial applications.

9.1.1 PET calibration improvements

As discussed in section 8.1.2, the calibration of the scanner was not as simplistic as following

the manual. Due to an old and relatively inactive 68Ge calibration pin source, a cylindrical

phantom filled with 18F-water was used instead for energy calibration, timing calibration
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between detectors, and crystal position calibration. Once it was realised that the phantom

must be placed in and out of the FOV of the scanner in time with the pin source, the

calibrations began to improve such that the PET images produced were accurate spatially

and gave resolutions of usable quality. However, a cylindrical phantom filled with 18F-water

and placed centrally within the bore of the PET scanner was not necessarily the optimal

solution and may have caused problems with the calibration.

The reason for the uncertainty in using this supplementary cylindrical phantom is because

many of the finer details of how the GE scanner uses the calibration data are not public

knowledge due to industrial secrecy. One issue to consider is that the supplementary phantom

filled with 18F decays much quicker than 68Ge. This means that during a day of calibration,

the activity of the calibration source is drastically lower at the end of the day than at the

start. This inconsistency may be a factor which the PET scanner was attempting to correct

as it is expecting a much longer lived calibration source and thus more consistency in the

calibration data statistics. The activity originally placed inside the supplementary phantom

also changed from day-to-day. Hence, this change in calibration source may confuse the

calibration system. However, at the time, 18F was readily available and these potential

affects were less of a concern as the calibration of the scanner did eventually improve.

The central position and stationary nature of the supplementary cylindrical phantom may

have also impacted calibration, especially the coincidence timing calibration between detec-

tors. The original 68Ge pin source moves in circles around the edge of the PET scanner

when in the FOV of the detectors. This means at any one time the source is much closer

to one set of detectors than another. This not only subtly effects the timing of coincidence

photons (because one photon will reach a detector faster than the other compared to when

the calibration source is placed central in the bore of the scanner) but it also affects which

detectors are involved in a single coincidence measurement, as figure 9.1 highlights. In figure

9.1, each coloured arrow represents a back to back pair of 511 keV photons emitted at the
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(a) Calibration source near the detec-
tors

(b) Calibration source placed centrally
in FOV

Figure 9.1: A simplified diagram of a ring of PET detector modules with a cal-
ibration source place within the FOV. Back-to-back photons from
positron emission and annihilation within the calibration source are
shown as arrows. Each coloured arrow represents a different angle of
emission (i.e. the same colour between (a) and (b) means the same
angle). The colour of the PET modules are to help the eye identify
which modules are paired in coincidence depending on the angle of
the photon emission.

same angle in each scenario where the source is either at the edge of the detectors (a) or

centrally withing the scanner (b). It is clear from these simplified diagrams that there are

differences in detector pairs when the source is placed centrally and when placed on the edge,

near the detectors. What is also apparent is that as the pin source moves around the edge of

circle, different pairs of detectors will occur. As the supplementary calibration source (the

cylindrical phantom) was placed centrally within the bore and did not move round the edge

of the detectors, these changes in detector pairs did not occur. If the undisclosed details of

the timing calibration incorporates the pin source position with the data that are expected

then it is clear that a supplementary source placed centrally and unmoving may cause a
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problem, as the calibration process is not expecting a uniform field of activity exposure.

Moreover, the size of the supplementary cylindrical phantom is very different to the pin

source and this too will affect the detector coincidence pairs.

Fortunately, using this 18F supplementary cylindrical phantom was unlikely to have inhibited

accuracy of the detector energy calibration. However, it may have impeded the crystal posi-

tion mapping calibration as well as most definitely affecting coincidence timing calibration.

Ideally a new 68Ge pin source would be bought to replace the old source each year, however,

this is very costly. An alternative solution could be to design and produce a holder for the

phantom which mimics the motion of the pin source. The difference this could make may be

insignificant but should be investigated to ensure the best calibration of the PET scanner in

future work.

9.1.2 CALGAVIN

As mentioned previously, the PET investigations into imaging fluid flow through stationary

mixers designed by CALGAVIN were successful. The original question of determining if fluid

flowed through the centre of either of the two inserts provided was qualitatively answered to a

standard which satisfied CALGAVIN. Moreover, these data were very useful for investigating

the types of quantitative information that can be extracted from the PET images, including

fluid flow dimensions and the length of time it takes for fluid to flow through a system

(residence time). However, there were areas of the experimental set-up and data collection

that could be improved upon. These are discussed below along with suggestions of other

quantitative information that could be extracted in future PET work using the GE Discovery

ST PET/CT scanner.
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Experimental set-up improvements

The main area that needed improving in the experimental set-up was the method of injecting

activity into the system. There are two facets to this. The first is ensuring that the injected

active fluid was exactly the same density as the fluid in the pipe, for it was seen that, in the

empty pipe CALGAVIN data, the tracer did not mix uniformly with the system fluid and

floated on top. The second part of the injection process that needed improvement was the

method of injection to provide a uniform activity through the cross-section of the pipe.

The total activity of the 18F-water made each day varied and this changed how much active

water was used in each batch that was injected into the pipe. The original set-up only topped

up the injected batch with a premix 4:1, glycerol:water fluid that flowed through the system.

Therefore, the glycerol to water ratio that was injected into the system for imaging contained

a greater ratio of water and was thus less dense than the rest of the fluid in the pipe. The

effects of this were discussed in section 8.2.2. However, in the future, greater care would be

taken to ensure that the volumes of water and glycerol added to the activated water were

adjusted on an individual basis to achieve the same ratio as the original fluid in the system.

Once the density of the injected fluid is the same as the rest of the system then the uniformity

of the injection method can be more easily seen. Although the original design with four

injection points shown in figure 8.18 was made to attempt a more even distribution of fluid

around the pipe, the effectiveness of this needed to be established. The four pipes leading

from the syringe into the injection points were all flexible plastic tubes. These tubes move

with the syringe. Therefore, the position of the injecting syringe relative to the main pipe

will change how bent each injection tube is. The curvature of the injection tubes will change

how much pressure is need to force fluid through it and thus more fluid might be injected

through one injection tube more than others. Potentially rigid injection tubes would be

used in the future to ensure repeatable injections. Moreover, the inlet tubes only protrude
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a small distance into the main pipe, therefore it is not clear if any of the active fluid reaches

the centre of the pipe in an empty pipe. However, this may become clearer once a tracer of

density equal to the system is used.

Finally, if the method of injection could be automated such that the injection force applied

to the syringe was consistent and took the same length of time and injected exactly the same

volume of fluid each time, then all the repeated image data sets would be directly comparable.

This would allow repeat measurements to be taken and averaged for all parameters extracted

from the PET images.

Data collection and analysis improvements

Reflecting on the PET residence time measurement discussed in the last part of section 8.2,

the most obvious improvement to be made in the data collection method is to collect a set

of data as one image frame and then later re-frame the data into smaller time frames. This

would resolve the intensity discontinuity effects seen in figure 8.27.

At the moment, the data presented in section 8.2 was mostly qualitative (with the measured

thickness of fluid flow and residence time as exceptions). The thickness of the ring of fluid

was measured for each insert and this was used by CALGAVIN in their product pitches to

their clients. However, more information than residence time could be gleamed from the

intensity data in these images. The image intensity could be calibrated to known activities

of 18F in a glycerol/water mix of a fixed ratio. Vessels of similar dimensions to the pipes used

by CALGAVIN could be injected with known activities. Then, the image intensity could

be measured as the 18F decays. This calibration data could then be used to provide more

detailed information of the fluid distribution in the pipes and convert the arbitrary intensity

units into units of activity. Moreover, this data would be essential to confirm if the intensity

of the images are linear with activity. This is of particular interest for OSEM reconstructed
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images as linearity can be lost during iterative reconstruction.

Once the intensity of the images is calibrated to activity in the image, then direct quan-

titative comparisons of volume or pressure of fluid flow could be made between the two

CALGAVIN inserts. This could be achieved by knowing the total activity injected into the

system, measuring the total voxel volume occupied by the active fluid in the image and then

measuring the intensity of the images to know the total activity per unit volume.

Unfortunately, after the CALGAVIN data were taken the PET scanner broke down. There-

fore, the activity-image intensity calibration never took place as the machine required recal-

ibrating once turned back on. The scanner recalibration may have affected the efficiency of

coincidence data collection in the scanner and thus affected the intensity calibration data.

Therefore, the intensity data collected after recalibration would not necessarily reflect the

CALGAVIN data taken beforehand. However, in the future the CALGAVIN work could be

repeated including all of the improvements mentioned above.

9.2 PET for industrial imaging conclusions

Working with an older medical PET scanner presented various challenges. Due to its age,

multiple mechanical faults required identifying and fixing as well as the computer processing

time taking much longer than more modern computers and possessing a tendency to crash.

Moreover, because the machine was produced for hospital use, many of its functions and

processes were not fully disclosed in accessible literature. This posed practical and data

collection problems that needed to be resolved. In addition, more time was dedicated to

optimising the scanner for industrial use and calibration without a purpose designed cali-

bration pin source. However, through the calibration processes and the initial work with

CALGAVIN discussed in chapter 8 and above, the foundational information was extracted
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and novel techniques explored to begin a future of more detailed industrial PET investiga-

tions.

With more time, the GE Discovery ST PET/CT scanner could have been used to provide

dynamic information of fluid flow in other industry machinery and investigations. The inten-

sity information extracted from the data in the work discussed here could not be provided

for these CALGAVIN insert using PEPT, for the bead tracers used in PEPT would become

caught in the inserts. In addition, the collective fluid flow would not have been achievable

using PEPT traces in one data collection pass, only by averaging it over many passes through

the system. Moreover, the broadening of the fluid tracer intensity in PET can be used to look

as the mixing effect of the insert in a unique way from PEPT. Depending of the complexity of

the fluid flow, frames 3 seconds in length are possible with this model of PET scanner. With

more modern scanners this could be improved. These novel techniques PET provides over

PEPT can also be applied to gaseous studies which is current not achievable using PEPT.

The use of gas tracers would be the next area to focus on to develop industrially applied

PET imaging further.

The work carried out to date using the GE Discovery ST PET/CT scanner solely used 18F

as the PET tracer but, as mentioned in the motivation for industrial PET imaging (section

7.2), other positron emitting tracer elements could be used. This would widen the applica-

tion of PET imaging to look at chemical reaction distribution within machinery. Although

previously work has been carried out using one dimensional PET imaging [74], the added 3D

information from using modern PET scanners could provide invaluable information. There-

fore, along with the improvements and additional analytical steps discussed in this chapter

and chapters 7 and 8, the future of industrial PET image lies with incorporating chemical

reaction monitoring.
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A Minimum energy of Beam calculated using closest ap-

proach

For nuclei to interact they must overcome the Coulomb force of repulsion between them.

To find the minimum energy required to overcome this force between an α particle and a

europium nucleus the distance of closest approach (d) can be calculated (see figure 2).

Figure 2: An α particle and Eu nuclei at the point of closest approach separated
by a distance, d.

Using the assumption that the radius (r) of a nuclei is:

r = (1.4A1/3)fm

where A is the atomic number, the distance between an α particle and 151Eu nucleus is:

d151 = 1.4(41/3 + 1511/3) = 9.677465... = 9.7fm (2s.f.)

and the distance between an α particle and 153Eu nucleus is:

d153 = 1.4(41/3 + 1531/3) = 9.710235... = 9.7fm (2s.f.)
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⇒ the average d = 9.7fm = 9.7× 10−15m

The Coulomb Force between the α particle and europium nuclei is given by:

F =

[
(ZαZEu)e

2

4πϵ0d2

]
÷ 1.6× 10−19eV

where Zα=2 , ZEu=63 , e=1.6×10−19C and ϵ0= 8.85×10−12Fm−1. The energy (E) required

to cause the nuclei to touch, ie when d=9.7fm is given by:

E = Fd

⇒ E =

[
(ZαZEu)e

2

4πϵ0d

]
÷ 1.6× 10−19eV

⇒ E = 1.86881...× 107eV

⇒ E = 19MeV.

Therefore 19MeV is the minimum energy required to cause a nuclear reaction.
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B Calculating the production of isotopes during irradia-

tion

The production of isotopes in an α beam depends on two factors:

1. the rate of decay of the isotope;

2. the rate of production (R) of the isotope.

The rate of change in the number of nuclei of a particular isotope is governed by

dN

dt
= R− λN, (1)

where λN is the rate of decay of the isotope produced. By integrate equation 1, an expression

governing the change in activity (A) can be obtained (equation 14) as follows.

Equation 1 can be rearranging to give

dN

dt
+ λN = R. (2)

The integrating factor (IF)

IF = e
∫
λdt (3)

IF = eλt (4)

is then used as a multiplication factor on both sides of equation 2 and then integrated over
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time as follows:

eλt
dN

dt
+ λeλtN = Reλt (5)

d

dt

(
Neλt

)
= Reλt (6)

Neλt = R

∫
eλtdt (7)

= R

[
eλt

λ

]
+ C. (8)

At t=0, N=0. Therefore, substituting this in:

Neλt = R

[
eλt

λ

]
+ C (9)

0 =
R

λ
+ C (10)

−R

λ
= C (11)

Neλt = R

[
eλt

λ

]
− R

λ
(12)

Nλ = R−Re−λt. (13)

Activity, A = Nλ, therefore,

A = R
(
1− e−λt

)
. (14)

The rate of isotope production, R, depends on the beam intensity, i.e., how many α particles

are striking the target per second (Ipps). It also depends on the likely-hood (i.e. probability)
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that the α particle will interact with the target (P). Therfore,

R = IppsP. (15)

P = Ntarget(cm
−2)σ(mb) (16)

where σ is the cross-section (likelihood) of interaction and Ntarget is given by

Ntarget =
ρNA

Ar

x , (2.4)

where ρ is the density of the target in gcm−3, NA is Avogadro’s number, Ar is the atomic

weight of the target and x is the target thickness in cm.

The number of α particle striking the target, Ipps, is governed by the current of the beam,

I. If I (measured in µA) is constant then

Ipps = INα (17)

where

Nα =
1× 10−6

2× 1.60218× 10−19
= 3.12075× 1012 (2.5)

is the number of α particle per 1 µA. Substituting equations 16 and 17 into equation 15 and

subsequently equation 14, then
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A = NαINtargetσ
(
1− e−λt

)
. (18)

Therefore, the total activity of an isotope at the end of irradiation time, tirrad, is

AT = NαINtargetσ
(
1− e−λtirrad

)
. (2.2)

However, if the beam current is not constant then an alternative method of calculating beam

intensity is needed. This is discussed in appendix C.
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C Calculating cross-section with inconsistent current

As derived in appendix B, the activity of an isotope in the target at the end of irradiation

is given by:

AT = NαINtargetσ
(
1− e−λtirrad

)
(2.2)

where:

• AT = total activity of the isotope at the end of irradiation

• Na = the number of α particles per µA of beam current

• I = beam current (in µA)

• σ = cross-section (cm2)

• Ntarget = the number of target particles (cm−2)

• λ = ln2
T1/2

• tirrad = time irradiated for

This is true for a constant current. However, if the current varies over the time period of

irradiation and the length of irradiation is less than or comparable to the half-life of the

isotope then the activity of the isotope produced can be given by equation 2.7 [47]

AT = σNtarget

n∑
i=1

Φi

(
1− e−λτ

)
· eλτ(n−i) (2.7)
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where τ = tirrad/n is the length of the time for a short period of irradiation and Φi(= NαI)i

is the beam flux for the ith period of irradiation time.

While the Eu and Al stack was irradiated, the counts in the Faraday cup were recorded

approximately every minute by a Brookhaven model 1000c on the 60 nC setting. The

conversion to current is given by,

I(nA) =
counts× 60nC

time(minutes)× 60
(2.6)

therefore, the number of counts recorded in each minute is the average current (in nA) for

that minute.

The total irradiation time was 25 minutes 33 seconds = 1533s. Following equation 2.7 the

irradiation time can be split into 1533 segments (i.e. n = 1533 and τ = 1). Therefore the

summation part of equation 2.7 can be simplified to

Y =
n=1533∑
i=1

Φi

(
1− e−λ

)
· eλ(n−i) (19)

where λ has units, s−1. For each segment the average current for the time period that

segment resides (in µA) is used and is multiplied by Nα (3.12 × 1012 per µA, see equation

2.5). Multiplying these gives Φ for each second.

C.1 The error on the sum, Y

The error on the sum (equation 19) is the sum in quadrature of the errors for each of the

1533 components of the sum. The following will explain how the error for each of the i

components were calculated.
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Error on Φ

As Φ = NαI, the error on Φ (σΦ) is thus given by σΦ = NασI where σI is the error on the

current. Given I (in nA) is proportional to the counts in the Faraday cup the error would

be Poisson error. Therefore σI =
√

(I). This must be scaled to µA.

Summarising, for each component of the sum the error on Φi is given as

σΦi
= Nα

√
Ii

1000
. (20)

Error on each segment in the sum

The error on each component, y, of the sum was calculated by the partial differentiation of

y = Φ
(
1− e−λ

)
· eλ(n−i). (21)

In equation 21 there are only two parameter with errors to consider, Φ and λ. By partially

differentiating with respect to each you obtain the following:

∂y

∂Φ
=

y

Φ
(22)

and

∂y

∂λ
= y

(
i− n+

e−λ

1− e−λ

)
. (23)

Therefore, the error on each y component (σy) can be calculated by
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σy =

√(
∂y

∂Φ
σΦ

)2

+

(
∂y

∂λ
σλ

)2

(24)

which in other words is

σy =

√( y

Φ
σΦ

)2

+

(
y

(
i− n+

e−λ

1− e−λ
,

)
σλ

)2

(25)

σy = y

√(σΦ

Φ

)2

+

((
i− n+

e−λ

1− e−λ

)
σλ

)2

(26)

where σλ =
ln(2)σT1/2

T 2
1/2

(T1/2 is the half-life of the product and σT1/2
the error on half-life).

C.2 Total error on sum, Y

The total error on Y (σY ) is the sum in quadrature of the σyi

The cross-section and error on cross-section calculation

The cross-section for each isotope is

σ =
AT × 1027

NtargetY
mb (27)

by substituting equation 19 into 2.7 and rearranging. Therefore, by standard partial differ-

ential error propagation, the error on cross-section is
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σσ = σ

√(
σAT

AT

)2

+
(σY

Y

)2

+

(
σNtarget

Ntarget

)2

. (28)
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D Calculated Beam energy from scattered alpha energy

To find the energy of the α beam which irradiated the Eu foils the beam is initially directed

into the scattering chamber in figure 3. The α beam scatters off the thin gold foil target as

shown in figure 4. The energy of the scattered α particles are detected by the DSSD detectors

in the chamber. By conservation of energy and moment the original α beam energy can be

calculated.

Figure 3: Diagram showing the scattering chamber α beam and DSSD detector
set-up.

The following is a derivation of the equation to calculated the beam energy from the scattered
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Figure 4: Diagram showing the α beam scattering off a gold target.

α energy.

In general, as the beam particle of mass, mB, and energy, EB, strikes the stationary target

nucleus of mass, mA (energy, EA = 0), a reaction may occur with a Q-value and the new

particle mass, mC can be excited to energy level EX will scatter at angle ϕ and the other

scattered product of mass, mD at angle θ

Therefore, by energy conservation,

EB +Q = EC + ED + EX ,

which is

EC = EB +Q− ED − EX , (29)

and by momentum conservation,

PB = PD cos(θ) + PC cos(ϕ) (30)

0 = PD sin(θ)− PC sin(ϕ). (31)
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From equation 30,

PB − PD cos(θ) = PC cos(ϕ)

(PB − PD cos(θ))2 = P 2
C cos2(ϕ), (32)

and from equation 31

PC sin(ϕ) = PD sin(θ)

P 2
C sin2(ϕ) = P 2

D sin2(θ)

P 2
C(1− cos2(ϕ)) = P 2

D sin2(θ)

P 2
C − P 2

C cos2(ϕ) = P 2
D sin2(θ)

P 2
C − P 2

Dsin
2(θ) = P 2

Ccos
2(ϕ). (33)

Equating eq. 32 and eq. 33

(PB − PDcos(θ))
2 = P 2

C − P 2
Dsin

2(θ)

P 2
B − 2PBPDcos(θ) + P 2

Dcos
2(θ) = P 2

C − P 2
Dsin

2(θ)

P 2
B − 2PBPDcos(θ) + P 2

D = P 2
C . (34)

Using the kinetic energy relationship, P 2 = 2mE in equation 34 and then substituting for

EC using equation 29
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2mBEB + 2mDED − 2
√

2mBEB2mDEDcos(θ) = 2mCEC

2mBEB + 2mDED − 4
√
mBEBmDEDcos(θ) = 2mC(EB +Q− ED − EX)

mBEB +mDED − 2
√
mBEBmDEDcos(θ) = mC(EB +Q− ED − EX)

EB +
mD

mB

ED − 2

√
mD

mB

EDcos(θ)
√
EB =

mC

mB

(EB +Q− ED − EX)

(
1− mC

mB

)
EB − 2

√
mD

mB

EDcos(θ)
√

EB +

(
mD

mB

+
mC

mB

)
ED +

mC

mB

(EX −Q) = 0. (35)

To find the energy of the α beam, the beam is scattered off a thin gold target. In this

reaction there is no excitation of the gold atoms, EX = 0, and Q = 0. In addition, the beam

particle (B) and the scatter particle (D) are both α particles so mB = mD. This simplifies

the equation 35 to equation 36. This is a quadratic equation for
√
EB

(
1− mC

mB

)
EB − 2cos(θ)

√
ED

√
EB +

(
1 +

mC

mB

)
ED = 0 (36)

In the quadratic equation,

x =
−b±

√
b2 − 4ac

2a
(37)

x =
√
EB

a = 1− mC

mB

b = −2cos(θ)
√
ED

c =

(
1 +

mC

mB

)
ED
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Using equation 37 solve equation 36 for
√
EB and square to obtain the energy of the beam.

The beam energy is thus positive value of

EB =

−2cos(θ)
√
ED ±

√
(2cos(θ)

√
ED)2 − 4(1− mC

mB
)
(
1 + mC

mB

)
ED

2(1− mC

mB
)


2

. (38)
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E HPGe detector dimensions

E.1 G11

The HPGe detector G11 used for obtaining γ spectra had the manufacture dimension shown

in figure 5.

Figure 5: The manufacture dimensions of the G11 HPGe detector used.

Other images of this detector are shown in figures 6 and 7.

E.2 HPC

The dimensions of the HPC HPGe detector used are given in the spec sheet in figure 8
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Figure 8: HPC HPGe detector dimensions.
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F Obtaining and scaling Radware relative efficiency fit

and error calculation and propagation.

F.1 RadWare relative efficiency fit and scaling

The equation which defined in section 4.4 for the RadWare relative efficiency fit for HPGe

detectors is,

RRE = e[(A+Bx+Cx2)−G+(D+Ex+Fx2)−G]
−1/G

(39)

where A, B, C, D, E, F and G are fitting parameters. RadWare relative efficiency is a

function of γ energy (Eγ) and in equation 39 x and y are defined as,

x = ln

(
Eγ

E1

)
(40)

y = ln

(
Eγ

E2

)
(41)

where E1 = 100 keV and E2 = 1 MeV.

This RadWare relative efficiency was then scaled to intrinsic efficiency as discussed in section

4.4 by multiplying by a scaling ratio, SR.
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RadWare efficiency error

Equation 39 contains 9 parameters with errors. Differentiating w.r.t. each of these is used

to obtain the overall error on RRE.

To simplify set RRE = n = em
−1/G where m = [(A+Bx+Cx2)−G + (D+Ex+ Fx2)−G] so

∂n
∂?

= ∂n
∂m

∂m
∂?

where ? is parameters A → F, x and y.

dn

dm
= − 1

G
m

−1−G
G em

−1/G

.

The partial differentials ∂m
∂?

for parameters A → F, x and y are

∂m

∂A
= −G(A+Bx+ Cx2)−G−1 ∂m

∂B
= −Gx(A+Bx+ Cx2)−G−1

∂m

∂C
= −Gx2(A+Bx+ Cx2)−G−1 ∂m

∂D
= −G(A+Bx+ Cx2)−G−1

∂m

∂E
= −Gy(A+Bx+ Cx2)−G−1 ∂m

∂F
= −Gy2(A+Bx+ Cx2)−G−1

∂m

∂x
= −G(A+Bx+ Cx2)−G−1(B + 2Cx)

∂m

∂y
= −G(A+Bx+ Cx2)−G−1(E + 2Fy).

Differentiating n w.r.t. G gives,

∂n

∂G
= −Gm

dn

dm


ln(m)

G2
−

−(A+Bx+ Cx2)−Gln(A+Bx+ Cx2)

Gm
−

(D + Ex+ Fx2)−Gln(D + Ex+ Fx2)

Gm

 , (42)

which can be simplified to
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∂n

∂G
= −Gm

dn

dm

[
ln(m)

G2
− −a−Gln(a)− b−Gln(b)

Gm

]
, (43)

where a = A+Bx+ Cx2 and b = D + Ex+ Fx2.

Therefore, the error on RRE (σRRE) is given by,

σRRE =| dn

dm
|

√√√√√√√√√√√√√

(
∂m

∂A
σA

)2

+

(
∂m

∂B
σB

)2

+

(
∂m

∂C
σC

)2

+

(
∂m

∂D
σD

)2

+

(
∂m

∂E
σE

)2

+

(
∂m

∂F
σF

)2

+

(
∂m

∂x
σx

)2

+

(
∂m

∂y
σy

)2

+

(
−Gm

[
ln(m)

G2
− −a−Gln(a)− b−Gln(b)

Gm

]
σG

)2

, (44)

where the appropriate equations from above are substituted in. The errors on parameters A

→ G are given by the RadWare fit and the error x and y (σx and σy)) are the same,

σx = σy =
σEγ

Eγ

Error on intrinsic efficiency

The intrinsic efficiency for a particular Eγ Was calculated by RRE×SR. Therefore, the error

on the intrinsic efficiency, σϵi was calculated using

σϵi =

√
(SRσRRE)

2 + (RREσSR
)2. (45)
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G Area under each γ peak correction for isotope decay

A spectrum is taken over a period of time and the activity of the isotopes will change over

that time period. It the half-life is long with respect to the time the spectrum was taken

for a count correction may not be required as the activity of the source will not change that

dramatically over this spectrum collection period. However if the time the spectrum was

collected for a comparable or longer length than that of the half-life of the isotope understudy

then the effects of the isotope’s activity decreasing will have to be taken in to account.

Activity (A) can be expressed in two ways,

A =
dC

dt
(46)

and

A = Ace
−λt (47)

Where C = counts, t = time and λ = ln(2)
half -life . I this case Ac is the activity of the source at

the start of the spectrum being collected. Substituting 47 in to 46 gives equation 48

dC

dt
= Ace

−λt (48)

For the spectral data collected the total number of counts (C) is know for a particular peak.

and the length for which that spectrum was collect (τ) is also know. Thus, Ac can them be

found by standard integration between t = 0 and t = τ .
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dC = Ac

∫ τ

0

e−λtdt

C = Ac

[
−e−λt

λ

]τ
0

C = Ac

[
−e−λτ

λ
−−e−λ0

λ

]
C = Ac

[
1− e−λτ

λ

]

Thus, to obtain the count per second of each peak in the spectrum at the start of the data

collection (Ac) then equation 49 should be used

Ac =
λC

1− e−λτ
, (49)

which was defined in equation 4.21 in chapter 4. Ac can then be corrected for the efficiency

of the detector for the energy of each isotope peak as well as the intensity if the γ energy of

that isotope peak and geometric efficiency of the set up.

The error on the calculation of Ac is given by equation 51 where the contributing errors come

from C, the error on C (σC), λ and the error on λ (σλ). The decay constant (λ) and the

error on λ are dictated by the half-life (T1/2) and the error on the half-life (σT1/2
) as shown

in equation 50.

λ =
ln(2)

T1/2

=⇒ σλ =
ln(2)

T 2
1/2

σT1/2
(50)

By partially differentiating Ac (equation 49) with respect to C and λ then
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∂Ac

∂C
=

λ

1− e−λτ
and

∂Ac

∂λ
= C

1− (1 + λ2)e−λτ

(1− e−λτ )2
.

Therefore, the error on Ac is

σAc =

√(
λσC

1− e−λτ

)2

+

(
C
1− (1 + λ2)e−λτ

(1− e−λτ )2
σλ

)2

. (51)
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H Error calculation for AE

The error on the efficiency corrected activity of an isotopes for each peak in the spectra, AE,

was calculated using standard differentiating by parts. The following explicitly shows the

steps of this process.

AE =
Ac

ϵiIγfA
, (52)

where this equation is equation 4.22 from chapter 4.

Firstly, AE in equation 52 is differentiated with respect to each parameter which contributes

error: Ac, ϵi, Iγ and fA.

∂AE

∂Ac

=
1

ϵiIγfA

∂AE

∂ϵi
= − Ac

ϵ2i IγfA

∂AE

∂Iγ
= − Ac

ϵiI2γfA

∂AE

∂fA
= − Ac

ϵiIγf 2
A

These are then substituted into

σAE
=

√(
∂AE

∂Ac

· σAc

)2

+

(
∂AE

∂ϵi
· σϵi

)2

+

(
∂AE

∂Iγ
· σIγ

)2

+

(
∂AE

∂fA
· σfA

)2

. (53)

To find the error on AE which is denoted by σAE
and the errors on the parameters Ac, ϵi,

Iγ and fA are given by σAc , σϵi , σIγ and σfA , respectively, are used. A common factor of

AE = Ac

ϵiIγfA
can be extracted from the square root and the finally equation for the error on

AE used was
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σAE
= AE

√(
σAc

Ac

)2

+

(
σϵi

ϵi

)2

+

(
σIγ

Iγ

)2

+

(
σfA

fA

)2

. (54)
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I Carbon capture devise and previous PET studies

I.1 What are they?

Gas capture devices have multiple purposes such a gas separation and purification. Carbon

capture devices are being designed mainly for the purpose of collecting waste CO2 from

factories and power plants. The CO2 can then be stored rather than adding to the greenhouse

gas emission. A common carbon capturing material used is activated carbon. The surface

of activated carbon is covered in pores and is particular favoured towards absorbing CO2.

Breakthrough is often used to investigate adsorbants, like activated carbon. It is the measure

of the point where any adsorbates, such as CO2, exit the adsorbant column because there

was no available surface to bind to. Carbon analysers are often used to measure the outlet

of a carbon capture device to determine the breakthrough point.

I.2 Previous PET studies

Bell [73] in 2015 used radioactive 11CO2 produced at the MC40 Cyclotron at the University of

Birmingham to investigate the gas distribution in a carbon capture device using PET (specif-

ically using a Concorde Microsystems MicroPET P4 scanner). Both activated carbon and

Zeolite 13X (another carbon capture substance) were imaged as 11CO2 was passed through

the devices. The time frame of each image was once every minute. The PET information

about breakthrough for carbon absorption was compared with standard measurement meth-

ods using a carbon analyser which was also included in the experimental set-up. For the

imaging of the activated carbon, the PET imaging data agreed with the breakthrough data

taken using a carbon analyser. However there were discrepancies between the PET image

data and carbon analyser for the Zeolite 13X material.

275



By carrying out a similar experiment using the GE Discovery ST PET scanner (which has

a larger FOV and is a more modern detector), the potential discrepancies between the

traditional methods and using a PET scanner could be solved. The image details of the flow

of the CO2 in the device could be used to justify current mathematical models.
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J Catalysts and Catalytic converters and previous PET

studies

J.1 What are they?

Catalysts are substances used to speed up reactions without being used in the reaction

themselves. Catalytic converters are used in car exhausts to remove unreacted combustion

elements from the car’s emissions.

In the engine of a hydrocarbon fuelled machines, incomplete combustion produces CO, hy-

drocarbon particulates (small unburnt chains of fuel) and due to the high temperature of

the engine the nitrogen and oxygen in the air react to form NO and NO2. Carbon monoxide

and hydrocarbon particulates are toxic to human health and nitrous oxides contribute to

acid rain, a pollutant to the environment.

Catalytic converters have a honeycomb structure coated with two different catalytic agents.

As the exhaust gas passes through, the initial coating reduces the nitrous oxides by,

2NO → N2 + O2

2NO2 → N2 + 2O2

After the reduction stage, the second coating used is an oxidative catalyst which completes

the unfinished combustion,

2CO + O2 → 2CO2

2CxH4y + (x+y)O2 → xCO2 + 2yH2O
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The functionality of the catalysts are commonly known by studying the input reactants and

output products. However, in situ imaging of reactants inside catalysts is not common place.

J.2 Previous PET studies

A previous study was carried out in 1992 by Jonkers et al [74] where it was demonstrated

that PET could be used to image catalytic converters. A Pt-CeO2/γ-Al2O3 exhaust catalyst

was used in the investigation. The radioactive gases; 11CO, C15O, 15OO, 11CO2, C15OO and

13NN were used for positron imaging on the catalyst. The concentration of positron emitters

could be measured for a specific time and location within the catalyst providing valuable in

situ information on the inner workings of catalyst reactions required for full comprehension

and modelling of catalytic theory.

The details of the original investigation are given in the Nature paper [74]. The main premise

consisted of a Pt-CeO2/γ-Al2O3 catalyst being contained and imaged within a Neuro ECAT

PET scanner (technology from around 1980), see figure 9. The catalyst was maintained in

a steady state with a continuous flow of synthetic exhaust gas passing through the catalyst.

Pulses of each different radioactive gas were sent through the system. The positron images

were recorded in time intervals of 1.2 seconds. 22 detectors (11 on each side) of the Neuro

ECAT PET scanner worked in coincidence (and adjacent coincidence) to produce a 1 dimen-

sional image along the length of the reactor tube. The position resolution on this set up was

1.1cm.

The strength of the radiation signal record by the detectors was recorded with position and

time to form the plots displayed in figure 10. The time which reactants stayed in the catalyst

supported the reactions thought to take place (see equations above). Further explanation of

the graph’s meaning can be found in the Nature paper [74].
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Figure 9: The experimental set up used by Jonkers et al. Inside the exhaust
fume system, a diagram of the linear Neuro ECAT PET scanner is
displayed [74].
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Figure 10: The experimental PET image results obtained by Jonkers et al. The
x axis is the position along the catalyst for which radiation was de-
tected. The y axis informs how long radiation was detected in that
area for. The different radioactive gases imaged were; (a) 13NN (b)
11CO2 (c) 11CO (d) 15OO (e) C15OO (f) C15O [74].
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One of the main benefits of repeating this work now is because of the improvements in PET

detector technology. Current PET scanners have increased position resolution down to 1mm.

Most scanners now also image in 2D if not 3D. Therefore, more information on the reactions

happening along the cross-section of the catalysts can now be determined. Continuation of

this work was suggested by the original researchers, as well as branching this method out to

look at other catalysts, intrinsic kinetics and transport phenomena.
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K Basic PET image theory

As briefly explained in chapter 7 the data collected from PET scanner stored either as

sinograms or in list mode can be analytically reconstructed using FPB. The following is a

more detailed explanation of sinogram, back projections, central slice theorem and FBP.

K.1 Sinograms

[78] Sinograms are the first step of image processing. Figure 11 shows a point source in a

body. The line for which the source lies on is defined by xcosθ + ysinθ = x′ where x and y

are the coordinates of the source. The parameter x’ is the offset of the line from the origin

and θ is the angle between the x axis and the perpendicular line to the line the LOR. The

parameters, x’ and θ are the polar coordinates used to define the LOR of a source.

[78] Figure 12a gives the Cartesian positions of two point sources. A plot of x’ (offset) against

θ (angle) produces the graphs shown in figure 12b, this is a sinogram.

[78] For each angle interval, the PET scanner detectors are coupled in parallel pairs as shown

in figure 13. The pairings are then rotated by θ’ and this rotation of pairings is repeated π/θ′

times. For each angle, the LORs of coincident γ ray detections are recorded as functions

of angle and offset to form sinograms. This process is repeated for every time frame of the

PET image.

[78] Storing LORs in sinogram form uses less memory than storing individual LOR’s which

is why this imaging method is used in commercial PET scanners.

282



Figure 11: Labelling the LOR in polar coordinates of a point source within an
object [94].

Figure 12: (a) The Cartesian coordinates of two point sources within the detec-
tor rings. (b) A plot of x’ (offset) against θ (angle) producing the
sinogram for each point source [94].
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Figure 13: The PET detectors are coupled in parallel pairs. To produce sino-
grams the parallel parings rotates by θ’ and process is repeated π/θ′

times.

K.2 Back projection and filtered back projection

[78] Projection profiles are produced using the information stored in the sinograms. For

each offset, the detected images are projected back uniformly along the line of measurement

(the LOR). However, the image of the source, shown as a red circular area in figure 14,

is a blurred form of the original object. The image is a convolution of the original object

and a kernel that has a 1/r(radius) shape [73]. A filter is required to the back projection

method in order to correct the blurring. In order to remove the convoluted blurring, the

image information must be transposed into Fourier space where the blurring effects can be

separated more easily and removed by the addition of a filter. The central slice theorem

explains how the Fourier plane is used for imaging purposes.
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Figure 14: The tails of the LOR back projection cause the spreading out of the
image, shown as a larger red circle around the black source point.

Central slice theorem

[78] For a 2D object of shape f(x,y) (see figure 15a) it is very difficult to directly take a

2D Fourier Transform (FT), however, to remove the blurring function, the 2D FT of f(x,y)

is required. The central slice theorem can be used to solve this problem. If a parallel

projection of an object (tracer) with a shape of f(x,y) is taken at an angle θ, the reading

from the detectors will be pθ(t) (see figure 15a). The central slice theorem states that the

1D FT of the parallel projection taken at angle θ (see figure 15a) is a slice through the centre

of the 2D FT of f(x,y) at the angle θ (see figure 15b). Thus, if you repeat taking FTs of

parallel projections for many different angles (between 0 and π) the 2D FT of the original

object, F(kx,ky), is produced (see figure 15c)

[78] An inverse FT can then be taken of the multiple 1D FTs to obtain the image of the

object. However, studying figure 15c, it can be seen that the quality of the 2D FT, and

thus the final image, is limited by the number of angles for which 1D FTs are taken from.

Therefore a balance between image quality, computing power and time is required.

[78] An additional problem is that the central slice theorem samples information in a circular

pattern in the Fourier domain (see figure 16a). In order to produce the image of f(x,y) a Fast
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Figure 15: (a) A source (a positron emitting distribution) of shape f(x,y) is im-
aged at angle θ to produce the parallel projection pθ(t). (b) F(kx,ky)
is the background image [99], which is the direct 2D FT of the func-
tion f(x,y). In the foreground is the 1D FT of the parallel projection,
pθ(t). (c) Overlay of 1D FT of parallel projections from many angles
to reproduce F(kx,ky).

Figure 16: (a) The information in the Fourier domain when using the central
slice theorem method is given in a circular array. (b) A simplified
separation of low frequency space and high frequency space in the
Fourier domain [100].
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Figure 17: The circular data pattern of information collected when imaging im-
posed over the square data pattern required to perform a Fast Fourier
Transform image reconstruction [100].

Fourier Transform (FFT) must be performed. However the FFT requires a square grid, see

figure 17. So interpolation of data is then required which is difficult in the Fourier domain.

[78] Moreover, the sampling distribution of the data in the Fourier domain is more concen-

trated near the origin (i.e. at lower spatial frequencies) and less information is collected at

higher spatial frequencies, this can be seen by comparing figure 16a and 16b. Lower spatial

frequencies are responsible for the smoothing of the image and high spatial frequencies are

responsible for the details and sharp edges of the image. It is this imbalance of information

which gives rise to the blurring effect when back projection without a filter.

Filtered Back Projection

[78] The Filtered Back Projection (FBP) process adds a filter to improve the ratio of low

frequency data points to high frequency data points. The filter, known as a ramp filter, is

applied to the parallel projections after they have been Fourier transformed. This is done for
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Figure 18: Ramp filter.

each angle the data was collected and then the inverse FT is taken to produce a reconstructed

image. The ramp filter can have a shape similar to that shown in figure 18.
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