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Abstract

Radioactive isotopes are widely used in medicine for diagnostic and therapeutic procedures.
The most commonly used isotope is technetium-99m (99mTc), a product of β-decay of a
molybdenum-99 (99Mo) nucleus, which is currently commercially produced using nuclear
reactors. An alternative method of medical grade radioisotope production is required to
sustain the demand as nuclear reactors are decommissioned. The proposed method of iso-
tope production which will be discussed in this thesis is to use fast neutrons (∼14.1 MeV)
to induce an 102Ru(n, α)99Mo reaction. The Nuclear Science Laboratory (NSL) at Simon
Fraser University (SFU) has a Deuterium-Tritium (D-T) Thermo Fisher P385 Neutron
Generator (NG) which will be used for the neutron production, as well as ‘state of the art’
gamma ray spectrometers that will be used for experimental analysis. A series of exper-
iments are discussed in this thesis to prove the viability of fast neutron induced isotope
production.

Keywords: Neutron activation analysis; Gamma-ray spectroscopy; Neutron induced iso-
tope production; Medical isotopes
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Chapter 1

Introduction

The most commonly used radioisotope in medical diagnostic procedures is technetium-99m
(99mTc), which is a long lived excited state of 99Tc, and a product of the beta (β) decay of
a molybdenum-99 (99Mo) nucleus. The current commercially viable method of production
occurs within nuclear reactors in which uranium targets are bombarded by thermal neutrons
(∼0.025 eV) resulting in fission of the uranium nuclei to produce small amounts of 99Mo.
As nuclear reactors are decommissioned, an alternative method is required to sustain the
demand for medical grade radioisotopes, which are isotopically pure and have a high specific
activity.

The proposed method of isotope production that will be discussed in this thesis is
through the use of fast neutrons (14.1 MeV) produced using the Deuterium-Tritium (D-
T) Neutron Generator (NG) housed at the Nuclear Science Laboratory (NSL) at Simon
Fraser University (SFU). Natural ruthenium is irradiated with fast neutrons to remove an
alpha (α) particle from the ruthenium nuclei and produce 99Mo. The advantage of this
production method is that the separation of the product from the target begins during
the irradiation; upon the absorption of the neutron or the emission of the alpha particle, a
nuclear recoil will occur imparting enough energy on the nucleus to overcome intermolecular
forces, allowing the product to recoil out of the target. Following the separation by recoil,
the target can be designed such that the product recoils into a solution that can be easily
separated from the natural ruthenium through chemical separation methods to obtain a
medical grade product. In order to pursue neutron activation for isotope production, a
series of preliminary experiments were completed to determine the amount of an isotope
that could realistically be produced using the NG, and the quality of the product that can
be achieved.

This thesis will begin with background theory for understanding gamma-ray (γ-ray)
decay and the types of detectors used at the NSL in Chapter 2. γ-ray spectroscopy is the
detection method of choice and is used for the analysis of all radioactive samples. The cur-
rent spectrometer being used at the NSL is the Germanium Detector for Elemental Analysis
and Radioactivity Studies (GEARS), a passively shielded, High-Purity Germanium (HPGe)
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detector. GEARS has been set up for high energy resolution and time resolved γ-ray spec-
troscopy, and has been successfully used for the identification and quantification of radioiso-
topes within samples. Chapter 3 consists of a description of GEARS including the physical
set-up and data acquisition (DAQ) specifications, followed by the detector characterization
and spectrum analysis procedure used for this thesis. Chapter 4 will introduce the isotope
producer project. A brief history and motivation for the production of medical isotopes is
followed by a detailed overview of the NSL NG facilities, a dicussion about neutron interac-
tions, and the Szilard-Chalmers reaction. The experimental set up for the isotope production
is discussed in Chapter 5, detailing the proposed device and analytical methods that will
be used in the planning stage for testing the set-up. Experiments completed for the irradia-
tion set-up and preliminary separation are completed, with the analysis of results shown in
Chapter 6. This thesis concludes with Chapter 7, which includes a discussion about future
experiments that will be undertaken for the development of the isotope production device.
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Chapter 2

Principles of γ-ray spectroscopy

2.1 Principles of γ-ray decay

γ-ray decay can occur following α- or β- decay, or as the result of direct population of excited
states that decay via gamma emission [1]. In numerous cases, α- and β-decay populate
excited states of the daughter nuclei, which decay to the ground state through the emission
of one or more gamma-rays. γ-ray decay typically occurs on the order of nanoseconds (ns);
however, lifetimes between 10−15 to 1015 s can occur [2]. γ-rays have energies in the range
of 0.1 to 10 MeV and, following conservation of energy, are approximately equal to the
energy difference between the transitioning nuclear states. The discrepancy between the γ-
ray energy and the energy difference between the tranisitioning nuclear states is due to the
recoil of the nucleus upon decay. Gamma emitters have a unique collection of characteristic
γ-rays that can be detected to differentiate between isotopes within a sample.

As an example, the decay scheme of a commonly used laboratory isotope, cobalt-60
(60Co), is shown in Fig. 2.1. 60Co first undergoes β-decay to an excited state of nickel-60
(60Ni*, where * denotes an excited state) before relaxing to the ground state of 60Ni by
emitting γ-rays. Characteristic γ-rays are 1173.2 and 1332.5 keV, which are emitted in a
cascade with an intensity, or probability of 99.85% and 99.98%, respectively. Other γ-rays
can occur as seen in Fig. 2.1; however, at a much lower intensity that is typically not visible
on a γ-ray spectrum. For 60Co, 100% of the radioactive nuclei will decay via β-decay and
subsequently emit γ-rays. By observing the intensity of characteristic γ-rays, the strength
and, thus, the activity of the source can be determined [3].

The intensity or number of γ-rays emitted is related to the number of radioactive nuclei
in the sample or source following

N(t) = br(Eγ)N0e
−λt, (2.1)

where N(t) is the number of radioactive nuclei emitted as a function of time, br(Eγ) is the
branching ratio of the γ-ray with energy Eγ , λ is the decay constant, and N0 is the number
of radioactive nuclei in the source under observation at t = 0 [2]. The decay constant is

3
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Figure 2.1: A decay scheme of 60Co. Following β− decay to 60Ni*, with a half life of 1925.28
days, the excited state transitions to ground via γ-ray emissions, which are shown in blue,
with the most probable decay path being a cascade. The first γ-ray in the cascade has an
energy of 1173 keV with an intensity of 99.85%, and the second has an energy of 1332 keV
with an intensity of 99.98%. The intensity of the decay is relative to the total number of
decaying 60Co nuclei.

related to the half life, t1/2, which is characteristic of each individual isotope and defines the
amount of time it takes for half of the total amount of radioactive nuclei in the source to
decay. The lifetime, τ , of the nucleus is also related to the decay constant and t1/2 following

λ = ln(2)
t1/2

= 1
τ
. (2.2)

Finally, the activity, A, is given in units of Becquerels (Bq) or decays per second and is
related to the number of emitted γ-rays following

A(t) = λN(t). (2.3)

2.2 γ-ray interactions with matter

There are three major ways that γ-rays interact with matter; photoelectric absorption,
Compton scattering, and pair production [4]. All interaction mechanisms result in the partial
or complete absorption of energy, and when measured using γ-ray spectroscopy, result in
characteristic peaks as shown in Fig. 2.2.
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Figure 2.2: An illustration of a γ-ray spectrum of a monoenergetic source with Eγ > 1.022
MeV. The features and peaks shown in this spectrum are a result of the incident photon in-
teracting with the detection medium through photoelectric absorption, compton scattering,
or pair production. See Sec. 2.2 for details. [3].

Photoelectric Absorption

Figure 2.3: A diagram of the photoelelectric absorption process, in which an incoming γ-ray
with energy Eγ , deposits its full energy onto an electron within the absorbing material. The
electron is then liberated from its atomic shell, with energy given by Eq. 2.4.

During photoelectric absorption, the photon interacting with an atom in the detector
medium deposits all of its energy, resulting in the ejection of a photoelectron from one of
the atoms’ bound shells [3]. A schematic of this process is seen in Fig. 2.3. The ejected
electron energy (Ee−) given by

Ee− = Eγ − Eb (2.4)
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where Eγ is the energy of the incident photon, and Eb is the binding energy of the photo-
electron in its original shell. The vacancy left behind by the ejected electron is filled quickly
by rearrangement of electrons, which will result in the emission of a characteristic X-ray,
or Auger electron. If the X-ray escapes the detector medium, a characteristic X-ray escape
peak can be seen at E = Eγ - EX-ray, as seen in the illustration of the spectrum in Fig. 2.2.
For photons with large energies where Eb � Eγ , the energy of the emitted electron can be
approximated as Ee− ≈ Eγ . Photoelectric absorption is the dominating mode of interaction
for low energy γ-rays, and absorbing materials with high atomic number [3].

Compton Scattering

During a Compton scattering process the incident γ-ray scatters off of the absorbing elec-
tron, transferring partial energy to the electron that is then ejected as a recoil electron.
The scattered γ-ray is emitted at an angle θ while the recoiling electron is emitted with an
angle φ, both with respect to the incident photon. A schematic of the Compton scattering
process is shown in Fig. 2.4.

Figure 2.4: A diagram of the Compton scattering process in which the incident γ-ray collides
with an electron, scattering at an angle θ with respect to its original trajectory. The electron
recoils at an angle φ with respect to the original γ-ray trajectory.

The energy of the scattering photon, E′γ , can be determined by conservation of energy
and momentum of the system, which results in

E′γ = Eγ

1 + Eγi
m0c2 (1− cos θ)

, (2.5)

and the recoil electron has energy given by

Ee− = Eγ − E′γ . (2.6)

Due to the dependence of electron energy on the scattering angle, θ, Compton scattering
results in a continuum of energies in the γ-ray spectrum called the Compton continuum.
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For γ-rays of high energy, the resulting Compton continuum can result in high background,
concealing the presence of low energy γ-rays in a spectrum [3]. Compton scattering is the
dominant mode of interaction for mid-range γ-ray energies between a few hundred keV and
5 MeV. In the case where the scattered γ-ray interacts again with the detector via the
photoelectric effect, with no loss of electrons from the detection medium, this event will
contribute to the full-energy photopeak observed within the spectrum. A spectrum with
characteristic features of Compton scattering is shown in Fig. 2.2.

Pair Production

Pair production can occur if the energy of the incident γ-ray exceeds 1.022 MeV, or two
times the rest mass energy of an electron. This interaction occurs within the Coulomb field of
the atoms in the absorbing medium and produces an electron/positron pair, with combined
energy of 1.022 MeV. If the γ-ray has more energy than 1.022 MeV, the remaining energy
is distributed between the electron and positron as kinetic energy. The kinetic energies of
the electron and positron is therefore given by

Ee+ + Ee− = Eγ − 2m0c
2, (2.7)

where m0 is rest mass. Both the electron and positron will lose energy by interacting with
the absorbing medium, with the positron eventually interacting with a local electron, an-
nihilating, and producing two annihilation photons each with 0.511 MeV energy emitted
at ∼180◦ with respect to one another. A schematic showing the pair production process is
shown in Fig. 2.5.

Figure 2.5: A diagram of the pair production process in which the incident γ-ray interacts
with the electric field of a nucleus in the absorbing medium, to create an electron/positron
pair. The positron interacts with an atomic electron and annihilates, creating 2 annihilation
photons emitted at an angle of 180◦ with respect to one another, both with E = 0.511 MeV.
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Pair production can result in two distinct peaks in a spectrum at 0.511 MeV and 1.022
MeV less than the energy of the original γ-ray. These two peaks are called a single escape
peak and a double escape peak, respectively, as they occur when either one or both of the
annihilation photons escapes the detection medium [3]. Pair production is the dominant
mode of interaction for high energy γ-rays between 5 - 10 MeV. The single escape peak and
double escape peak that result from pair production are depicted in the spectrum shown in
Fig. 2.2.

2.3 γ-ray detection systems

A standard technique in nuclear spectroscopy is the study of γ-rays; they are easily detected
as they experience low absorption and scattering through air. The γ-ray detector that will
be discussed is the HPGe detector, known for having superior energy resolution compared
to a scintillator, another commonly used γ-ray detector. Using a semiconductor detector
for γ-ray spectroscopy provides a considerable number of advantages over other common
alternatives, such as a scintillator or a gas counter. A semiconductor provides a linear
response of pulse height vs. particle energy over a wide energy range. It also enables a
high energy resolution, variable geometric configuration to match the requirements of the
application, a fast pulse rise time, and an insensitivity to magnetic fields. [5]. A notable
weakness of semiconductor detectors is their low efficiency, which can be compensated for
by measuring strong sources, using the detectors high energy resolution, and implementing
radiation protection methods that will be discussed in Sec. 3.1.1.

2.3.1 Semiconductor diode detectors

Semiconductor materials have a crystalline structure, in which the allowed atomic energy
states are widened into bands that are separated by forbidden energy gaps. A simplified
image of the energy bands in a semiconductor is shown in Fig. 2.6, including the valence
band full of electrons, and the conduction band, which is empty and ∼5 eV above the valence
band. For reference, the band gap of an insulator is > 5 eV [5]. To promote electrons from
the valence band to the conduction band, an energy greater than that of the band gap
needs to be applied to the system. The energy of the band gap can be overcome through
either an increase in temperature to increase thermal fluctuations, the absorption of incident
radiation, or collision with an energetic charged particle. For a Ge detector, the band gap
is ∼0.67 eV, and an energy larger than 2.96 eV is required to promote the electrons to the
conduction band [3]. This discrepancy between the band gap and the required energy is
due to the binding energy of the electrons that needs to be overcome in order to free the
electrons from the atom.

In the case of γ-ray spectroscopy, when the incident γ-rays move through the detec-
tion medium, electrons along the γ-rays trajectory that are impacted by the radiation are
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Figure 2.6: (Left) Typical band gap in a semiconductor with energy ∼0.67 eV. (Center)
Excitation of electrons from the valance band to the conduction band, leaving behind holes.
(Right) Accumulation of electrons in lower level of conduction band and holes in upper level
of valence band. Application of an electric field results in net flow of electrons and holes in
opposite directions.

promoted to the conduction band. When an electron is removed from either the valence
band or lower lying energy states, a hole is left in its place creating an electron-hole pair,
analogous to an ion pair in gas. Electron-hole pairs are formed within a few ps along the
track of the incident radiation as a result of direct interactions, in which the γ-ray produces
the electron-hole pairs, or indirect interactions, in which the γ-ray produces high energy
electrons which subsequently interact with the detection medium to produce electron-hole
pairs. The number of pairs produced is related to the energy of the interacting particle,
and the ionization energy of the detection medium. In the case of a HPGe detector, the
ionization energy is ∼2.96 eV, and an incoming γ-ray from a 60Co source with Eγ = 1332
keV will result in ∼450, 000 electron-hole pairs. The small band gap is ideal for improving
the energy resolution of the detector, but it allows for the thermal excitation of electrons. At
any non-zero temperature, T , it is possible for themal excitation to occur in which valence
electrons can gain sufficient thermal energy to cross the band gap to the conduction band.
In order to prevent current resulting from thermally induced charge carriers, semiconductor
detectors need to be cooled to LN2 temperatures (∼77 K).

Once they are created, the electrons and holes de-excite and congregate on either side
of the band gap, as shown in the right-most panel of Fig. 2.6. Finally, in the presence of
an electric field, there is net migration of the electrons and holes in opposite directions,
with the holes acting like point positive charges, as shown in Fig. 2.6. The motion is due to
thermal and drift velocity, where the drift velocity is a result of the applied electric field.
Solid-state detectors are typically operated with an applied electric field that results in a
saturated drift velocity on the order of 107 cm/s. Migration occurs until the electrons and
holes recombine, or they are collected by an electrode with both the electrons and holes
contributing to the total observed current. The time required to collect charge carriers over
0.1 cm is under 10 ns, making solid-state detectors among the fastest-responding radiation
detectors [3].
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2.3.2 p-n junction

Impurities in semiconductor detectors result in excess holes, or electrons within the valence
band [3]. By purposefully adding small amounts of impurities on the order of 1 part per
million or less via a process called doping, conductivity of a semiconductor can be increased.
Doping can be done to increase the amount of either electrons or holes by replacing a small
number of the crystal atoms with atoms that have either more or fewer valence electrons
than the atoms in the host matrix. The resulting crystal is considered to be n-type or p-
type if there are excess electrons or holes, respectively. In an n-type detector, the excess
electrons are loosely bound and are promoted to the conduction band leaving behind a fixed,
immobile positive charge that should not be confused with holes. In a p-type detector, there
are excess vacancies in the valence bands of the detector atoms. Migrating electrons will be
bound to the vacant sites to produce fixed negative charges. In n- and p-type detectors, there
is an excess of holes or electrons in the valence or conduction band, increasing electrical
conductivity. Semiconductor diodes take advantage of both p-type and n-type detectors by
forming a p-n junction between the two types on the level of interatomic spacing. This is
typically done during crystal growth to form a single crystal with different impurities from
one side of the junction to the other. For HPGe detectors, the crystal volume is typically
either p- or n-type, and a thin n- or p-type contact is diffused or evaporated onto the surface
[3].
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Figure 2.7: (Left) p-n junction of in a semiconductor without external voltage applied.
(Right) p-n junction of a semiconductor with reverse voltage applied. The bottom two
graphs shows the potential difference (V0) between the two regions. When an external
voltage (Vb) is applied with the positive pole connected to the n-side, both the potential
and the depth across which the electric field exists within the two regions is increased.
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At the p-n junction, there is a large population of electrons on the side of the n-type
semiconductor and a large population of holes on the side of the p-type semiconductor,
creating a sharp gradient. The electrons will begin to diffuse across the gap and combine
with holes from the p-type material, with each electron leaving a fixed immobile positive
charge. A symmetric argument is made for the holes to diffuse across the junction and
combine with electrons from the n-type material, leaving behind fixed immobile negative
charges. The result is a build up of a net negative charge on the p side, and a net positive
charge on the n side of the junction, creating an electric field that slows and eventually
stops diffusion at equilibrium.

The region of charge imbalance is called the depletion region, which extends into both
p- and n-type materials. Depending on the doping levels of the p- and n-type materials,
the depletion region will extend further into the material with lower doping. When a de-
pletion region is present, a reverse bias is applied to the detector. This means the n-type
contact receives a positive voltage with respect to the p-type, enhancing the natural poten-
tial difference across the junction and increasing the depletion region as shown in Fig. 2.7.
By increasing the potential difference and the depletion region, recombination and loss of
charge carriers is minimized. The use of p-n junctions is especially advantageous for γ-ray
detectors, as the increased depletion region and high voltage increases the efficiency of the
detector and ensures the charge carriers are collected before recombination.
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Chapter 3

γ-ray spectroscopy at SFU

3.1 The GEARS detector

The current detection system used in the NSL at SFU is the GEARS detector. GEARS
is a GEM Series p-type Coaxial High Purity Germanium Radiation Detector, designed to
detect γ-rays in the energy range of ∼0.04 MeV to 10 MeV. ORTEC GEM series detectors
are a line of P-type coaxial HPGe detectors designed for the typical γ-ray energy range of
40 keV and upwards [6].

Figure 3.1: (Left) The interior of the shield-
ing of the GEARS detector is shown, with a
Cd/Cu cylinder surrounding an Al can, which
encases the detection crystal. [7]. (Right) The
lead shielding around the GEARS detector is
pictured next to the DAQ system.

The HPGe crystal is housed in a cryostat and held under vacuum within a 1.27 mm
thick aluminum (Al) can, surrounded by a copper (Cu)/cadmium (Cd) cylinder. The outer
shielding is a lead box with dimensions 50 cm × 50 cm × 64 cm. The interior and exterior
of the GEARS detector is shown in Fig. 3.1. GEARS uses passive shielding to minimize
background radiation, which is a method to protect against radiation from the source. This
method is implemented by placing material between the source of radiation and radiosensi-
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tive material to absorb this radiation before it reaches the detector. In the case of GEARS,
the shield is made up of multiple layers of absorbing materials; a low activity lead housing,
Cu/Cd cylinder, and finally the Al can. The reason multiple layers are used is because ion-
izing radiation interacting with the shielding can result in the emission of low energy X-rays
and electrons, as described in Sec. 2.2. By having layers of shielding made of consecutively
smaller atoms, the X-rays and electrons ejected from the shielding material will also have
decreased energy, eventually resulting in X-rays below the DAQ energy threshold cut off.
With three layers of shielding, the amount of background interacting with the HPGe de-
tector is decreased by a factor of ∼100 [8]. The DAQ energy threshold cut off will further
decrease the amount of background detected by removing any low energy radiation seen by
the detector crystal.

It is important to note that passive shielding is only effective at reducing the background
from external sources. This means that any background produced by the source itself will
be detected and, providing the energy is above the low energy threshold, will be reflected
on the spectrum.

The GEARS DAQ system carries out energy and timing signal processing to accurately
measure the energy of the detected γ-ray, as well as the time at which it is detected. Timing
measurements are enabled by a 10 MHz oven-controlled crystal oscillator acting as the clock,
which registers a time stamp at 100 ns intervals. When processing the energy signal, a low
and high energy threshold are set to exclude background energies and overamplified signals.
Ideally, the lower threshold is set as low as possible using the 59.54 keV γ-ray characteristic to
241-Americium (241Am) being used as a benchmark, while the upper threshold is restricted
by the limits of the electronics being used for the signal processing. For GEARS, the upper
threshold is set to ∼3700 keV. Further specifications concerning the DAQ are discussed in
the Sec. 3.1.1.

The GEARS detector operates at liquid nitrogen (LN2) temperatures (< 100 K). A 50
L LN2 dewar refilled twice a week provides cooling via a Cu cold finger which thermally
connects the crystal to the dewar. The GEARS LN2 filling procedure can be found at the
NSL website [9].

3.1.1 GEARS DAQ

To process the signals coming from the detector, Computer Automated Measurement and
Control (CAMAC) and Nuclear Instrument Module (NIM) modules are employed [10].
When ionizing radiation interacts with the detection medium, the electron-hole pairs are
collected to generate a current and produce a signal which is split to produce a fast timing
pulse and a slow energy pulse. The fast timing pulse is derived in order to provide accurate
timing information, optimize the length of time required to detect a single pulse, and prevent
other signals from being processed at the same time. The slow energy pulse is derived in
order to have an accurate energy measurement. A full description of the signal processing
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and the specific modules used can be found at Ref. [7]. Data is collected using a Maximum
Integrated Data Acquisition System (MIDAS) systems control software. The saved data is
in the MIDAS binary file format, and contains all energy and timing information from the
measurement, organized into event structures. The data can then be sorted and extracted
using a set of in-house C programs depending on the needs of the user. To analyse spectra,
the C programs write the data to a modified version of the RadWare spectrum format
(.spx) that can be analysed by the RadWare gf3 software, as discussed in Sec. 3.1.2. The
C programs are referred to as GEARSsort and are derived from TIPsort codes that can be
located on the NSL GitHub [11].

3.1.2 RadWare
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Figure 3.2: An example of two peaks fit using RadWare gf3 software. Information reported
(from left to right of the results box) is centroid position, full width at half maximum,
height of peak, area under the peak, the centroid position, and the corresponding energy
which depends on the calibration. The black curve shows the baseline for the background.

Once a spectrum file has been created, it can be analyzed using RadWare, a software
package used for interactive graphical analysis of γ-ray spectra. Specfically the gf3 program,
designed for general spectrum manipulation, fitting, and analysis of one-dimensional spectra,
is used [12]. The gf3 program can fit a portion of a spectrum summing up to 15 peaks on
a quadratic background. Peak fitting is done using the least-squares method of analysis,
with each peak fit to either a gaussian or skewed gaussian, with or without a step function
in order to correct for the Compton background on the low energy side of the peak. The
information reported from a peak fit is centroid position, peak area, peak width, peak
height, and centroid energy, in which the accuracy depends on whether or not the energy

14



calibration was completed. An example of a peak fit using gf3, along with the reported
information is shown in Fig. 3.2. Spectrum plotting is done using the RadWare plotting
software [13].

3.2 Characterization of GEARS
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Figure 3.3: 60Co spectrum taken with GEARS. The source was positioned 10.5 cm above
the can.
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Figure 3.4: 152Eu spectrum taken with GEARS. The source was positioned 10.5 cm above
the can.

Before taking a measurement, GEARS needed to be characterized, or rather GEARS
response to ionizing radiation, specifically γ-rays, needed to be determined. GEARS is
regularly shut down during long periods of inactivity, thus allowing for potential impurities
to be introduced into the crystal when it is cooled to LN2 temperatures, as previously
discussed in Chapter 2. Therefore, prior to taking sample measurements GEARS should be
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charaterized in order to establish the energy and efficiency response of the detector for the
γ-ray energies of interest. Characterization of GEARS completed for measurements taken
in this thesis will be shown in the following sections. The γ-ray spectra used for energy and
efficiency calibrations are shown in Fig. 3.3 and Fig. 3.4. 60Co is a commonly used isotope
for calibration due to its two distinct γ-rays at 1173 keV and 1332 keV, with well known
branching ratios as shown in Fig. 2.1. In order to calibrate over a wide range of energies,
europium-152 (152Eu) is used as it emits many γ-rays over a wide energy range with well
known branching ratios.

Energy calibration

Figure 3.5: Energy calibration of GEARS completed using 152Eu source. Residuals show a
non-linear trend, but this does not affect the analysis of data in this thesis.

The first step to characterize the detector is to establish the energy-channel calibration.
Different isotopes in a sample can be distinguished from one another due to each γ-decaying
isotope having its own characteristic energy spectrum, as seen in Fig. 3.3 and 3.4. An energy-
channel calibration is crucial in order to accurately identify the energy of the detected γ-
rays. For this thesis, all GEARS measurements were taken in the same cooling period, and
a single energy calibration has been completed using the least squares formalism defined in
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Appendix B [14]. For the specific case of the energy-channel calibration, the fitting function
used is

Eγ(ς) = a0 + a1ς + a2ς
2, (3.1)

where Eγ is the energy of the γ-ray, and ς is the corresponding channel that the energy is
mapped to by the DAQ system. The energy calibration determined using 60Co and 152Eu
calibration sources, along with the residuals from the best fit function is shown in Fig. 3.5.
The energy spectrum was calibrated for energies between the 244.6974 keV and 1408.013
keV. This range encompasses the relevant γ-ray energies evaluated in this thesis.

Efficiency calibration

Following the energy calibration, the efficiency of the detector can be characterized. The
efficiency relates the number of detected events to the number of γ-rays that were actually
emitted from the source and is determined using a source with a well known activity and
branching ratios, and only interactions in which the full energy of the incident γ-ray was
deposited. The relationship between the efficiency and the number of γ-rays observed in a
photopeak of energy Eγ , N(Eγ), is given by

ε(Eγ) = N(Eγ)
A(t) · br(Eγ) · tlive

, (3.2)

where A(t) is the activity of the source at time of the measurement, br(Eγ) is the branching
ratio of the γ-ray, and tlive is the live time of the measurement. This equation is only valid
when observing isotopes in which the activity does not change by an appreciable amount
during the measurement, that is to say tlive � τ .

To complete an efficiency calibration, first the relative efficiency is determined, which
establishes the efficiency of detecting a γ-ray with energy Eγi with respect to a reference
γ-ray with energy Eγref. The chosen reference should have energy on the order of MeV
to eliminate interference from electronics and signal processing, such as threshold settings.
The efficiency of a detector is energy dependent, so it is also important to use a source that
spans a wide range of photopeak energies. The relative efficiency calibration for GEARS
was performed using a 152Eu source, with a reference γ-ray energy of 1408.011 keV [15].
The relative efficiency calculation is given by

Ni(Eγi)
Nref.(Eγref.)

= εi(Eγi)
εref.(Eγref.)

· br(Eγi)
br(Eγref.)

= εrel. ·
br(Eγi)
br(Eγref.)

(3.3)

The 152Eu spectrum taken for the efficiency calibration is shown in Fig. 3.4, with the
source positioned 10.5 cm above the detector can. Photopeak counts, γ-ray energies, and
corresponding relative efficiencies are shown in Table 3.1. A relative efficiency curve is
established for Eγ ≥ 244.697 keV, using Eq. 3.4.
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Table 3.1: Relative efficiency data from a 152Eu source measured with GEARS. The reference
γ-ray was chosen to be 1408.013 keV, with counts scaled to 100. Scaled relative intensity is
calculated according to Eq. 3.3, which relies on the relative branching ratios of the γ-ray to
the reference. Errors were calculated following standard propogation of error [16].

Energy [keV] Counts Scaled Relative Intensity εrel.[arb.]
244.6974 39574(291) 36.2(2) 1094(11)
344.2785 109808(457) 127(1) 862(8)
411.1165 7930(139) 10.72(8) 740(14)
443.9606 10714(157) 13.55(9) 791(13)
488.6792 1227(75) 1.98(2) 619(38)
586.2648 1230(77) 2.18(2) 564(36)
678.623 1265(73) 2.27(2) 558(33)
688.67 2221(91) 4.10(3) 541(23)

778.9045 29490(244) 62.0(5) 476(5)
867.38 8944(145) 20.27(9) 441(7)
964.057 28774(238) 69.5(4) 414(4)
1005.27 1289(64) 3.16(5) 408(21)
1085.837 18833(190) 48.4(3) 389(5)
1112.076 24299(219) 65.5(5) 371(4)
1212.948 2403(77) 6.78(5) 354(12)
1299.142 2496(72) 7.82(6) 319(10)
1408.013 31934(239) 100.0(4) 319(3)

ln(εrel.) = k1ln(Eγ) + k0. (3.4)

For the purposes of this thesis, the lower energy range Eγ ≤ 244 keV can be neglected
without impacting the data analysis. The parameters k and b are found using the method
of least squares, as detailed in Appendix A, and shown in Table 3.2.

Table 3.2: Parameters for efficiency calibration determined by fitting 152Eu data from
Table 3.1 to Eq. 3.4 using the Least Squares method in Appendix A. Errors are given for
1σ confidence interval.

Parameter Value
k1 -0.712(9)
k0 10.92(6)

Once a relative efficiency curve has been established, the data is then scaled using an
activity calibrated source in order to determine the absolute efficiency, defined as

εabs. = number of recorded events
number of γ-rays emitted by the source . (3.5)

Absolute efficiency is determined by calibrating to sources with very low errors on their
activity and no error in branching ratios. Eq. 3.2 can be rewritten as
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εabs.(Eγ) = N(Eγ)
A(t0)e

t−t0
τ × tlive × br(Eγ)

. (3.6)

The source used for determining absolute efficiency is 60Co, which has a half life of 1925.28(14)
days, and emits characteristic γ-rays at 1173.228(3) and 1332.492(4) keV. The branching
ratio for the two emmitted γ-rays is assumed to be

br(1173.228 keV) u br(1332.492 keV) u 1. (3.7)

Table 3.3: Absolute efficiency measured using a 1.9% calibrated 60Co source set 10.5 cm
above the GEARS detector. The spectrum used to determine the photopeak counts is shown
in Fig. 3.3.

Energy (keV) Photopeak counts A(t0) [Bq] t-t0 [d] τ [d] tlive[s] εabs.[%]
1173.228 216502(637) 15429(295) 59 2777.59(20) 7297 0.196(4)
1332.492 197751(597) 0.179(3)

The error in absolute efficiency, δεabs. is given by Eq. 3.8 and results from having a high
activity source and a long measurement time to ensure that the measurement can have high
counting statistics, and the error in the activity, δA is the dominating factor [16].

δεabs.(Eγ)
ε(Eγ) = δA(t0)

A(t0) . (3.8)

Table 3.4: Absolute and relative detection efficiencies for characteristic 60Co γ-ray energies.

Energy (keV) εabs [%] εrel. [arb.]
1173.228 0.196(4) 361(30)
1332.492 0.179(3) 330(28)

The relative efficiency curve can then by scaled to the absolute efficiency following

εabs.(Eγ) = S · εrel., (3.9)

where εrel. is calculated according to Eq. 3.4 using parameters from Table 3.2, and S is a
scaling factor, calculated according to Eq. 3.10. εref. and εabs. for 60Co are shown in Table
3.4.

S = (εrel.1173 keV)(εabs.1173 keV) + (εrel.1332 keV)(εabs.1332 keV)
ε2rel.1173 keV + ε2rel.1332 keV

S = 0.00000544(8)
(3.10)
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Figure 3.6: Efficiency calibration of GEARS performed using a 152Eu and 60Co source. Best
fit line is shown in red, while blue dotted line indicates the confidence interval, established
using method described in Appendix B. Empty squares show 152Eu data points, and filled
circles show 60Co data points. Error bars are smaller than the data points.

The absolute efficiency curve for GEARS is shown in Fig. 3.6. It is important to note
that the absolute efficiency has been calculated for a point source sitting 10.5 cm above the
detection can. This means that samples with a different geometry will have slightly different
detection efficiency depending on where they are placed respective to the detection can, and
due to the geometry of the sample itself.

3.3 Time resolved energy peak fitting

Once GEARS has been calibrated, samples with unknown activity, lifetime, or composition
can be measured in order to determine these parameters. For this thesis, the unknown
quantity of interest is the activity, as the lifetime and isotopic composition of the samples
are already known. For long detection times when tlive � τ , the activity of a source can be
determined by observing the number of counts detected over the length of the run, using a
time resolved spectrum. To calculate the activity of the source at the beginning of the run,
the number of γ-rays detected follows Eq. 2.1. The number of γ-rays detected, Pi, during
the time interval ∆t at time ti is given by integrating Eq. 2.1 to give

20



Pi =
∫ ti+∆t

ti

P (t)dt

= P0e
−λti

(
1− e−λ∆t

)
.

(3.11)

Background is also detected, which can be modeled as a second order polynomial following

B(t) = b0 + b1t+ b2t
2, (3.12)

and the number of detected counts due to background in the time interval ∆t at time ti is
given by

Bi =
∫ ti+∆t

ti

B(t)dt

= b0∆t+ b1

(
∆t · ti + ∆t2

2

)
+ b2

(
∆t · t2i + ∆t2 · ti + ∆t3

3

)
.

(3.13)

In order to model the total number of events in a time resolved peak, the sum of the
background and γ-rays originating from the source are added together. The total number
of counts is thus the sum of Eq. 3.11 and Eq. 3.13 to give

Σi = Pi +Bi, (3.14)

where the 4 free parameters are P0, b0, b1 and b2. In order to ensure a proper fit, the
background is fit simultaneously by fitting Bi to a time resolved region of the spectrum
that is higher in energy than the peak and only consists of background. The parameters can
be solved following the least squares method outlined in Appendix C. Once P0 has been
determined, the true activity of the source at the beginning of the run, A0, is calculated
following

A0 = λP0
εabs.(Eγ) , (3.15)

where P0 is equal to N0, the number of radioactive nuclei in the source at the beginning of
the measurement. The exponential law of radioactive decay, Eq. 2.1, can now be rewritten
for activity following

A(t) = A0e
−λt, (3.16)

in order to calculate the activity of the sample at any point in time after its creation.
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Chapter 4

Neutron induced isotope
production

Part of the NSL experimental program is the production of radioisotopes using the neutron
generator facility. This chapter will outline the plans for the development of an isotope
production device in response to the global shortage of medical isotopes. More specifically,
this chapter will begin with an overview of the current Technetium-99m (99mTc) isotope
supply chain, followed by the basics of neutron interactions, information about the neutron
generator facility, and experimental studies that have been completed for the development
of the isotope producer. This chapter will conclude with an outlook on future studies for
the processing of isotopes produced by neutron bombardment and scalability of the isotope
production device.

4.1 99mTc supply chain
99mTc is the most widely used radioisotope in medical diagnostic procedures. It is a metastable
isomer of technetium-99 (99Tc) with a half life of ∼6 h, and is used for diagnostic imaging
of organ function [17]. 99mTc emits a 140 keV γ-ray when it decays to 99Tc, which is a
sufficient energy for passing through the human body and detection by a γ-ray detector,
while being low enough energy such that it does not resut in excessive radiation dose to the
patient. Furthermore, it can be easily tagged to chemical tracers in order to target specific
organs or tissues when injected into the human body [18].

The predominant method of 99mTc production does not produce 99mTc directly, opting
to produce the parent 99Mo instead. 99Mo decays into 99mTc with a 66 h half life, which
is long enough to allow for chemical processing and distribution before the activity decays.
99Mo is made in nuclear reactors from the irradiation of uranium targets using thermal
neutrons, which have characteristic energy equal to 0.025 eV. The interaction of neutrons
with uranium-235 (235U) nuclei result in a fission reaction, and the production of heavy
and light fission fragments, one of which is 99Mo [19]. Targets are irradiated for 5 - 7 days
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depending on the geometry of the target and neutron flux of the reactor, in order to reach
the saturation amount of 99Mo [20]. Once the targets are removed from the reactor, they
are cooled before transfer to processing facilities, where they are dissolved, and the 99Mo is
chemically separated from the bulk sample to achieve a high specific activity. The 99Mo is
then adsorbed onto an aluminum oxide column and stored in a generator for distribution to
medical facilities. 99mTc generators are radiation-shielded cartridges which contain 99Mo
adsorbed onto an alumina column. These generators are distributed to hospitals, where the
99mTc can be eluted using a saline solution several times a day for almost a week before the
99Mo parent decays [21, 22, 23]. The current supply chain is shown in Fig. 4.1, and satisfies
the global demand for 99Mo production on the order of 1014 Bq of activity per week.

HEU/
LEU

High/Low enriched 
uranium target

Reactor target 
irradiation

99Mo processing 
facility

99Mo bulk 
liquid

99Mo/99mTc generator 
manufacturer

99Mo/99mTc 
generator

Hospitals & 
radio-pharmacies

Figure 4.1: A diagram of the 99mTc supply chain. The supply chain begins with the irra-
diation of enriched uranium targets within nuclear reactors. The targets are then processed
to isolate the 99Mo , which is put into 99mTc/99Mo generators, and distributed to hospitals
and radiopharmacies.

In 2009-2010 there was an isotope supply crisis in which the world experienced a short-
age, resulting in cancellation of medical procedures or alternative isotopes being used. Al-
though there are alternatives for many standard procedures, they often come with prob-
lems that result in any substitutes being less than desirable. Common alternatives are: (i)
fluorine-18 (18F) which is lacking supportive infrastructure [24]; (ii) thallium-201 (201Tl)
which gives a higher radiation dose to the patient [25]; and (iii) rubidium-82 (82Rb) which
is not licensed in all jurisdictions [26]. Alternative detection devices can also be used, but
they are often already in high demand and are unable to accomodate the additional pro-
cedures [27, 28]. The 99mTc shortage was in part due to the fact that there were only 5
reactors, all over 40 years old, supplying the world’s demand of 99Mo [29]. As two of the
largest suppliers went into unplanned shutdowns for maintenance, the remaining suppliers
were unable to increase their supply to meet the demand. Since then, Poland, Czech Repub-
lic, and Russia contributed their old research reactors to the supply chain. However, two of
the historically largest contributors, France and Canada, stopped contributing as their re-
actors were decommissioned thus decreasing the world’s total annual supply. As of 2019, the
world’s supply of 99Mo is split between 9 producers shown in Table 4.1 [27]. Of the reactors
listed, the majority of them are over 50 years old, which is much longer than the expected
lifetime of a reactor (20-30 years), with Australia being the most recent contributor [30].
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Although the crisis was averted following 2010, it is apparent that an unplanned disruption
could severely cripple the supply chain. More recently, a disruption occurred in 2020, due
to the COVID-19 pandemic that resulted in the shutdown of borders and air transportation
causing bottlenecks in transportation and distribution [31, 32]. Facilities have continued
production under COVID-19 safety protocols, including social distancing, as they are con-
sidered essential services, but with the difficulties in distribution, medical procedures are
still being cancelled due to the lack of 99Mo and, by extension, 99mTc.

Table 4.1: A table consisting of nuclear research reactors contributing to the world’s supply
of 99Mo as of 2019 [27].

Reactor Name Country Year
Commissioned

Share of annual
total world
production

ANSTO (OPAL) Australia 2007 16%
CNEA (RA-3) Argentina 1967 2%
NCBJ (MARIA) Poland 1974 9%

NECSA (SAFARI-1) South Africa 1965 14%
NRG (HFR-Petten) Netherlands 1961 26%
RC Rex (LVR-15) Czech Republic 1995 10%

Rosatom (RIAR and KARPOV) Russian Federation 1961-1984 5%
SCK-CEN (BR-2) Belgium 1963 15%

University of Missouri (MURR) United States 1966 4%

In developing a permanent solution, three main points that need to be addressed are the
use of uranium, the cost of irradiation and the final product, and the impact of having few
facilities around the world providing services for the entire global population [33]. A rela-
tively new approach that would address these issues is by targeting the 100Mo (p,2n)99mTc
reaction by irradiating isotopically enriched 100Mo with protons using a cyclotron [34]. This
method is shown to be promising, in that a high-current, medium energy medical cyclotron
can produce up to 1.4 TBq of 99mTc within its 6 hour half life. This quantity is large enough
to satisfy the demand for a large metropolitan area, providing the product is isotopically
and chemically pure enough [35]. This method is advantageous because as well as removing
the need for a nuclear reactor, it also removes the radioactive waste associated with the use
of uranium targets and fission products. However, new problems arise from this approach
as the amount of Mo produced by a single cyclotron is much lower than that produced by
reactors.

An alternative method of production that would address the issues outlined above, help
subsidize the worlds supply, and diversify the type of supplier is to use a neutron generator
for neutron activation of a target. The D-T NG housed at SFU emits high energy neutrons
(14.1 MeV), which induce neutron reactions when interacting with a target. Neutron ac-
tivation of 102Ru can result in the absorption of a neutron (n) followed by the emission
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of an alpha particle to produce 99Mo. Following irradiation, the resulting 99Mo can then
be chemically separated from the bulk target with the goal of producing isotopically pure
99Mo with high specific activity. This method of production would remove the requirement
for uranium targets and irradiation within nuclear reactors. In addition, the resulting prod-
uct will be able to be fed into the current supply chain in order to take advantage of the
preexisting infrastructure.

4.2 Neutron generator facility

(a) (b)

Figure 4.2: The image on the left, 4.2a, shows the neutron generator facility set up with
the neutron generator linear accelerator in the corner and the power supply on the bench.
Figure 4.2b shows the beam tube set up in a stand, with a sample placed along the line of
optimal irradiation.

The neutron generator facility at SFU is located in the C7076 vault of the Chemistry
building. It holds a Thermo Scientific P-385 neutron generator [36] with the full set up
shown in Fig. 4.2a, and the linear accelerator shown in Fig. 4.2b. Neutrons are produced
from the following reaction:

2H +3 H→ n +4 He, Q=17.590MeV. (4.1)
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The neutrons produced from this reaction are fast neutrons with 14.1 MeV energy, and
a nominal flux of 3 × 108 neutrons per second as specified by the supplier. The neutron
generator is guaranteeed to be able to operate at full flux for 1500 hours, after which
operation at the quoted neutron flux is not guaranteed. The Q-value given is the energy
released during the reaction due to the difference in rest mass energy between the reactants
and products. The location of the neutron generator within the vault has been determined
via a series of tests to minimize the dose acquired by people working in the surrounding
areas [37].

4.3 Neutron interactions with matter

The amount of product that can be expected to be produced during a neutron activation
experiment can be predicted based on the composition of the sample, and the energy and flux
of the neutrons being used providing the interactions of neutrons with the target materials is
understood. This section will discuss the manner in which neutrons interact with materials
being activated which are relevant to the neutron activation experiments carried out in this
study.

Nuclear reactions are typically written as [2]

a+X → Y + b, (4.2)

where a is the projectile, X is the target, and Y and b are the reaction products. Usually,
Y is a heavy product and y is a light particle that can be detected. The type of reaction
occurring is classified by Y and b. Only neutron interactions where a = n will be discussed,
as the projectiles used for the isotope producer project are high energy neutrons produced
from the NG.

Reactions can be classified as either direct reactions, in which only a single nucleon
has time to interact while a and X are in range of one another, or compound reactions,
in which a large number of interactions between nucleons can occur while a and X are
in range of one another. Direct reactions are convenient for studying nuclear interactions
because they can accurately be described as single step transitions from the initial to final
states [38]. Examples of direct reactions are stripping, pickup, breakup, and knock-out. In
a stripping reaction, a nucleon is transferred from the projectile to the target. Conversely,
during a pickup reaction a nucleon is transferred from the target to the projectile. A breakup
reaction occurs when the projectile breaks up into separate nuclei, and a knock-out reaction
occurs when a single nucleon or a small cluster of nucleons is removed from either the
projectile or target during their interaction. The reaction of interest for this thesis is the
knock-out reaction. For the isotope producer project, isotopes will be produced as a result of
a knock-out reaction in which a small cluster of nucleons is removed during the interaction
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to produce an alpha particle [2]. To reflect the knock-out reaction as a result of an incoming
neutron and the knock-out of an α particle, Eq. 4.2 will be rewritten as

n+X → Y + α, (4.3)

which can be shortened to the following form,

X(n, α)Y, (4.4)

and will henceforth be referred to as an (n, α) reaction.

4.4 Neutron Activation

The NG can be used to make radioactive isotopes via a process called neutron activation,
in which a sample is bombarded with neutrons in order to induce a neutron reaction. The
result can be the production of other stable or radioactive nuclei. Neutron reactions are
written as (n, x) reactions, and possible reactions that can occur are shown in Fig. 4.3. One
of the advantages of neutron activation is that the number of neutrons interacting with the
target is negligible in comparison to the number of atoms in the target, thus preserving the
bulk sample [39].

Target

(n, α)

(n, 3n)

(n, nα)

(n, p)(n, t)
(n, d)
(n, np)

(n, 2n) (n, γ)

(n, 2p)

(n, pα)

(n, 2α)

(n, dα)
(n, npα)

Z

N

Figure 4.3: Figure shows (n, x) reactions that can occur during neutron activation, relevant
to the isotope producer experiment.

Due to the non-destructive nature of neutron activation it is an ideal technique for
studying sensitive samples, such as those used in archaeology and geology, in order to
determine their elemental composition [40]. It is also ideal for producing radioisotopes, as
the same target can be used almost indefinitely.
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4.4.1 Reaction Kinetics

The reaction kinetics for the neutron interactions with the target material during and after
irradiation can be determined by calculating the reaction rate, R, following

R = φnNtσ, (4.5)

where φn is the neutron flux through the targets surface area, Nt is the total number of
target nuclei in the irradiated sample, and σ is the interaction cross section. The nuclear
cross section depends on the energy of the neutrons and the properties of the target nucleus.
The reaction rate is the number of radioactive product nuclei being produced per unit time,
and thus the amount of radioactive nuclei present increases as the length of the irradiation
increases. Once the radioactive nuclei are produced, they will begin to decay and produce
daughter nuclei, thus decreasing the number of product nuclei in the sample. The change
in the number of radioactive nuclei at any given point in time can be calculated according
to

dNp

dt
= R− λNp, (4.6)

where Np is the number of radioactive product nuclei. Eq. 4.6 can be solved as a simple
ordinary differential equation (ODE), making the assumption that the initial activity of
the sample is equal to 0, to give number of radioactive nuclei as a function of time during
irradiation as

N(tirr.) = R

λ
(1− e−λtirr.). (4.7)

The activity of the produced radioactive nuclei given by A(tirr.) is defined by the relationship
between the number of radioactive nuclei and the activity as previously defined in Eq. 2.3
to give

A(tirr.) = R(1− e−λtirr.) (4.8)

The reaction kinetics for neutron interactions with a target material is shown in Fig. 4.4.
During irradiation, the activity will build towards a saturation activity equal to R,

however it will never achieve or surpass R. Once the irradiation has stopped, the number
of product nuclei will decrease due to radioactive decay following

A(tp.i.) = A0e
−λtp.i. , (4.9)

where tp.i. is the time that has passed, post irradiation.
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Figure 4.4: Figure shows an example of an activity curve for a radioactive isotope during
and after irradiation. The blue curve shows the increasing activity as during irradiation,
while the yellow curve shows the decrease in activity once the generator has been turned
off. Saturation activity is shown by the dotted red line, and the black line indicates the
point in time the generator is turned off.

4.5 Beer-Lambert’s law

When neutrons move through a target mass they are attenuated as they interact with target
nuclei. This attenuation results in fewer neutrons being available for interactions as the
neutron population continues to move through the target. The attenuation of a population
of neutrons moving through matter is modeled using Beer-Lamberts law which says that
the neutron flux (ϕ) will be attenuated by an attenuating factor, µ, such that

dϕ(z)
dz

= −µ · ϕ(z) (4.10)

where µ is a property of the target material. This first order differential equation can be
solved following

∫ z

0

1
ϕ(z)dϕ(z) =

∫ z

0
−µdz

ln(ϕ(z))− ln(ϕ0) = −µz

ϕ(z) = ϕ0e
−µz,

(4.11)
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where z is the thickness of the attenuating material. For neutrons, the attenuating factor is
equal to

µ = 1
L

(4.12)

where L is the mean free path, and is defined as the average distance traveled by a particle
between interactions. The mean free path is unique to the matter being traversed by the
neutrons, and depends on the number density of nuclei within the sample, η, and the
interaction cross section, σ, such that

1
L

= η · σ. (4.13)

For inhomogeneous samples, the attenuation coefficient and the mean free path for the
given sample is dependent on all constituents, where the total mean free path, Lt is related
to the mean free path of each individual constituent, following

1
Lt

=
∑
i

1
Li

(4.14)

for all elements, i, that make up the target. The cross section is unique for each element and
can be found on the National Nuclear Data Center website for any specific interaction [15].
When calculating the mean free path through a target in order to determine the change in
ϕ, it is important to use the (n, total) cross section, as the interaction of neutrons in any
capacity can cause attenuation. Although every interaction may not remove the neutron
from the target, the attenuated neutrons will have a decreased energy and will be moving
in a different trajectory. Equation 4.11 can now be rewritten in terms of the mean free path
as

ϕ(z) = ϕ0e
− z
Lt . (4.15)

This behaviour is modeled in Fig. 4.5, which shows that the neutron flux is attenuated by
a factor of 1/eL, for integer values of L, as they move through media.

4.6 Szilard-Chalmers reaction

Once the isotope is produced, an effective separation process is required for purification
of the product in order for it to be useful. Chemical separation of different elements is
possible due to the difference in chemical behaviour. A chemical difference can be achieved
by producing a different element altogether, or by changing the chemical environment of the
original target such that recoiling product nuclei will form chemically separable molecules
[41].
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Figure 4.5: Neutron attenuation following Beer-Lamberts law shows a decrease in original
neutron flux (ϕ0) proportional to 1/eL as the population travels integer values of L through
the target material.

The first step in addressing the separation process, is by taking advantage of the Szilard-
Chalmers reaction. Discovered in 1934, Szilard and Chalmers used thermal neutrons in order
to induce an (n, γ) reaction [42]. Upon the emission of the gamma ray, due to conservation
of energy and momentum, there was enough energy imparted upon the nucleus in order
to overcome the intermolecular forces holding the molecule together, thus separating the
product from the initial target. This reaction is not unique to gamma emission, and can
result from the emission of α and β particles from a nucleus, or during the absorption of
nucleons, such as neutrons or protons, into a nucleus. This behaviour will henceforth be
referred to as nuclear recoil [43].

Following the observation of this reaction, Szilard and Chalmers were able to achieve
a 50% separation from the recoil. In theory, due to the relative energy of the emitted γ-
ray (102 eV range) and the intermolecular forces (eV range), it was hypothesized that the
separation should be 100% effective. The reason for the decreased separation ratio is due
to the stopping distance of the resulting nuclei as it moved through the target medium.
When the nucleus is freed from the molecular structure it loses electrons depending on
the speed at which it is travelling, resulting in a positive charge. As the positively charged
nucleus moves through the target, it loses energy through interactions with other atoms.
The distance between the start of the recoil, and the point at which the energy of the
positively charged particle is almost zero is defined as the range [44]. If the range of the
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nucleus is shorter than the distance from start of the recoil to the edge of the target, the
nucleus will recombine resulting in retention of the product nucleus within the target.

For the isotope production experiment, the reaction mechanism is an (n, α) reaction.
This differs from the Szilard-Chalmers reaction in that they were observing a recoil only
due to γ-decay. For this study, recoil can occur at two instances; during the neutron bom-
bardment of the sample, and upon emission of an alpha particle. The advantages of using
the (n, α) reaction in comparison to the (n, γ) reaction used by Szilard and Chalmers, is
that the neutron imparted energy on the order of MeV, while the α particle imparted energy
on the order keV. During the Szilard-Chalmers reaction, the impacting neutron only had
an energy on the order of eV, while the γ-ray imparted a recoil energy on the order of 102

eV range. The calculation of recoil energies resulting from (n, α) reactions with 14.1 MeV
neutrons is shown in Appendix F.
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Chapter 5

Isotope Producer Experimental
Design
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Figure 5.1: A schematic of the proposed device for the isotope producer is shown. Compo-
nents of this device are the neutron generator set within a tank filled with target material
and a circulatory pump. The pump forces solution through the tank and out through a filter.
It is then circulated back into the tank after it has gone through the chemical separation
component.

Neutron induced isotope production will take advantage of the Szilard-Chalmers reac-
tion, and the non-destructive nature of neutron activation. In order to do this the sample
used for irradiation will have the target nuclei in form of salts or grains suspended within
a solution so that the product can recoil out of the target grain and be suspended in a
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solution, allowing for a simple separation process. The proposed device consists of a tank
filled with the target grains suspended in solution, constructed with a cavity for the neutron
generator to be placed into such that the point of neutron emission occurs at the center of
the sample. The first pass separation would be a filtration to separate the products in the
solution from the bulk target, followed by a secondary chemical separation stage to purify
the isotope. The separated isotope can be collected and processed for the appropriate use.
The remaining solution can be cycled back to the target by way of a circulatory pump to
keep the solution flowing. Some type of perturbation in the target tank would be required to
ensure that the target grains remain suspended in solution and do not settle at the bottom.
A schematic of the device is shown in Fig. 5.1.

The first step in realizing the isotope producer is determining the appropriate target size,
and the ideal composition ratio of grains to solution. The ideal target size will be determined
by the decrease in neutron flux due to reactions occurring as the target size increases and
can be determined analytically for different target geometries. The composition ratio is
constrained by the requirement that the solution must be able to flow through the grains
and will be determined experimentally. In order to model the behaviour of an irradiated
sample, for preliminary analytical studies a spherical target geometry has been chosen, with
a neutron point source in the center of the target to approximate the neutron generator
resting within a tank of the target, as shown in Fig. 5.2. Using the spherical model, the
loss of neutrons through the target, or the reaction rate, can be determined analytically
for varying neutron flux, target size, and target composition ratios in order to optimize
the target. A spherical geometry has been chosen for a multitude of reasons. Neutrons
are emitted isotropically and as such the most efficient set up for maximizing the amount
of reactions occurring, and consequently the amount of product, would be to have the
target completely surrounding the neutron source with a spherical shape. Additionally, the
spherical geometry is convenient for calculations, and can be used as a reference for creating
future simulations of more sophisticated geometries.

When doing preliminary calculations for the target parameters, the spherical target is
discretized. The reasoning behind the discretization is to determine the reaction rate in
each layer of thickness, dr, of increasing inner radius, r, in order to determine the impact
of an increasing target size on the number of reactions occurring. By studying the effects
of incrementally increasing the size of the target, an ideal size can be determined that
maximizes the ratio of the number of nuclei of interest to the rest of the nuclei in the
target. The first calculation done is to determine the reaction rate in each layer of the
sphere.
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Figure 5.2: The spherical model that is used for preliminary calculations is shown. The
neutron source embedded in the center emits isotropically with a flux of 3 × 108 neutrons/s
at 14.1 MeV. The spherical target consists of grains suspended in solution.

5.1 Nuclei in the target material

In order to calculate the reaction rate, the number of reactants, neutrons and target nuclei,
need to be known. As previously discussed in Sec. 4.5, the number of neutrons can be
determined once the mean free path is known, and in order to determine the mean free
path, the target composition and nuclear density is required. The mean free path of neutrons
through each individual element is different, so it is important to determine the number of
nuclei of each unique element in order to calculate the true reaction rate. First, the total
volume of the target is established to be comprised of the insoluble grains and the solvent
following

VT = Vg + Vs, (5.1)

where VT is the total volume of the target, Vg is the volume of the grains, and Vs is the
volume of the solvent. The volume of grains is related to the total volume by defining the
volume ratio, VR, as

VR = Vg
VT
, (5.2)

The volumes of grain and solvent are related to the volume ratio by

Vg = VRVT , and Vs = (1− VR)VT . (5.3)

The volume ratio is a convenient parameter to define for optimization studies of the ideal
ratio of grain to solvent for the target. Another important relationship to define is between
the mass and volume of the target components, as it is convenient to weigh the sample
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rather than determine the volume being used when preparing the samples. The relationship
between mass and volume for any compound, j, is given by

Vj = mj

ρj
, (5.4)

where ρ is the density. The masses of the grains and solvent are expressed as

mg = ρgVRVT , and ms = ρs(1− VR)VT . (5.5)

This definition of the grain mass and solvent mass is the most convenient way to relate
the masses of the target components to the volume of the target, as the exact amount
of each can be weighed out and used once a volume ratio and total volume has been
chosen. Furthermore, the constraints on target composition are imposed by the volume
ratio. In order to maximize the number of reaction products, the number of grains need to
be maximized. However, the target still needs to be able to be stirred so that the grains
remain suspended in the solution without settling.

The density of each target component can be used to determine the number of nuclei in
each consecutive layer of the spherical target, following

%j = ρjNA

Mj
, (5.6)

where %j is the molecular number density of the target component in units of molecules/cm3,
NA is Avogadros number, and Mj is the molar mass of the target component. The number
of nuclei for each element in the volume can then be determined using the number of atoms
of a unique element within a molecule to give the number density of nuclei as

ηj = Abjκj%j , (5.7)

where ηj , Ab, and κj is the number density, abundance, and number of atoms of element j
in the molecule, respectively. The total number of nuclei of an element j, Nj in a volume,
dV, can be calculated for all target components following

Nj,g = ηj,gVRdV

Nj,s = ηj,s(1− VR)dV,
(5.8)

where the second subscripts g and s denote the constituent nuclei belonging to atoms in
the grains and solvent, respectively. The volume element is a spherical shell of thickness dr
equal to

dV = 4πr2dr. (5.9)
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5.2 Neutron flux

Once the target composition is known, the neutron flux through the target can be calculated.
For the chosen geometry of the target and neutron point source shown in Fig. 5.2, the
neutron flux through the surrounding spherical target, φ(r) is related to the total number
of neutrons emitted by the neutron source following

φ(r) = ϕ(r)
4πr2 (5.10)

where the surface area of a sphere of radius r is equal to the denominator on the right hand
side of Eq. 5.10, and neutron flux is given in units of (neutrons

s·cm2 ). In order to determine the
flux through the chosen target, the mean free path of neutrons through the target needs to
be calculated, as seen in Eq. 4.15. For the nonhomogeneous target discussed in Sec. 5.1, the
mean free path of the target is calculated according to Eq. 4.14, which takes into account the
mean free path of neutrons through each constituent element within the target according
to Eq. 4.13. The number density of each nuclei is determined as shown in Eq. 5.7 and the
(n, total) cross section is used for each constituent nuclei, resulting in the final expression
for the mean free path of neutrons through a nonhomogeneous target as seen in Eq. 5.11

1
Lt

=
∑
j

ηnj ,gσnj ,tVR +
∑
j

ηnj ,sσnj ,t(1− VR). (5.11)

5.3 Reaction rate of isotope production

The reaction rate of isotope production within the discretized target can now be calculated
using the neutrons flux as shown in Eq. 5.10, and the sum of the number of nuclei of the
constituent target components and their (n, total) cross sections. Eq. 4.5 is thus rewritten
to give the reaction rate, Rt, as

Rt = φ(r)
∑

Nj · σj,t. (5.12)

Substituting the expression for neutron flux as in Eq. 5.10, and noting that the sum of all
Nj · σnj ,t can be rewritten in terms of the mean free path from Eq. 5.11, the reaction rate
can be rewritten as

Rt(r) = ϕ(r)
4πr2

4πr2

Lt
dr

Rt(r) = ϕ(r)
Lt

dr.

(5.13)

It is now evident that due to the choice in geometry, the increase in the number of target
nuclei in each consecutive spherical layer of the target with inner radius r, and thickness
dr is directly compensated by the decrease in the neutron flux as the inner radius and thus
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inner suface area of the spherical layer increases in size. Finally, in order to calculate the
reaction rate in each spherical shell, Eq. 5.13 can be integrated between the limits of r and
r + dr to give

Rt(r, r + dr) =
∫ r+dr

r

ϕ(r)
Lt

dr

= ϕ(r)− ϕ(r + dr).
(5.14)

Using the full expression for ϕ(r), as shown in Eq. 4.11, the reaction rate in each spherical
shell of thickness dr, with inner radius r is given by

Rt(r, r + dr) = ϕ0e
− r
Lt

(
1− e−

dr
Lt

)
. (5.15)

This result is expected, as the attenuation of neutrons is calculated using the (n, total) cross
section, which implies that the loss of neutrons is the result of a reaction occurring. The
number of reactions is thus equal to the difference in the number of neutrons in the sphere
at the inner and outer surface of the spherical volume element.

5.4 Branching Ratio

During the neutron bombardment, any number of (n, x) reactions can occur, and the reac-
tion rate includes all possible reactions. In order to determine the number of reactions of
interest, or (n, α) reactions occurring, a branching ratio, br, is defined as

br = Lt
Lint.

, (5.16)

where Lint. is the mean free path for reactions of interest, in this case the (n, α) reaction, and
Rint. is the reaction rate for the reactions of interest. br is used to determine the probable
ratio of (n, α) reactions to (n, total) reactions occurring within the target, and is used to
calculate the number of reactions of interest, Rint., following

Rint. = br ·Rt. (5.17)

Finally, the amount of product that can be expected to be produced using the target and
neutron source as shown in Fig. 5.2 can be calculated. These calculations will be used
as a preliminary test for determining whether or not a reaction is viable for producing
appreciable amounts of an isotope.
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Chapter 6

Isotope Producer Experimental
Results

A series of experiments was undertaken in order to prove the viability of the proposed iso-
tope producer as an isotope production method. First, a target composition optimization
experiment was carried out to establish the volume ratio, which was then used to determine
the mean free path of a natRu in water target, and 27Al in water target. In Sec. 6.2, the
viability of the isotope producer for the production of 99mTc will be estimated by using the
determined volume ratio to calculate the reaction rate using various NG’s. Upon achieving
satisfying results, the reaction rate for the production of 24Na was calculated to show its
viability as a cheap, convenient reaction to study for preliminary experiments and devel-
opment of the isotope producer. The Szilard-Chalmers recoil separation efficiency was also
tested by irradiating a target of 27Al in water using the NG at the NSL, centrifuging the
sample, and decanting the liquid to determine how much of the 24Na had separated out of
the grains and into the solution. Results of these experiments will be shown and discussed.

6.1 Target composition optimization

The target composition is optimized for a given volume ratio by calculating the corre-
sponding mean free path and reaction rate. To choose the ideal volume ratio, a simple
experiment was performed using neutral alumina purchased from Thermo Fisher Scientific
for the grains, and city of Burnaby, British Columbia tap water as the solvent [45]. The
water was added to a beaker containing alumina and a magnetic stirring rod rotated to
achieve a small vortex. The beaker was weighed without alumina, with alumina, and then
again with the water added in order to determine the amount of water added. This is shown
in Fig. 6.1, with the achieved ratio being 20% target grains to 80% solvent, or XV = 0.2.

Using the determined volume ratio, the reaction rate is calculated following Eq. 5.15 for
an increasing target radius to see how rate changes as the spherical target radius increases in
increments of dr. The target size is restricted by the requirement that the reaction rate for
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Figure 6.1: This image shows a mixture of alumina in water, with a 1:4 ratio. Water was
added to a beaker with a magnetic stirring rod until a vortex was able to form.

each additional layer of target material must have an appreciable contribution to the total
number of reactions occurring. For any target, based on Eq. 5.15, reaction rate vs. spherical
radius follows a decreasing exponential curve. To ensure each addition of target material
contributes an appreciable amount to the total number of reactions occurring, the target
size is chosen to stay on the linear part of the curve. Due to the reaction rate dependence
on the mean free path, the optimal target size will change depending on the target being
used.

6.2 102Ru(n, α)99Mo

An 102Ru(n, α)99Mo reaction is proposed for the production of 99Mo. Natural ruthenium
can be used as the target, in the form of ruthenium oxide (RuO2) suspended in water.
Ruthenium occurs naturally as 7 different isotopes shown in Table 6.1, with 102Ru being
the most abundant. During the irradiation, neutrons can interact with any of the nuclei
within the target to produce a number of reaction products, which are shown in Fig. 6.2.
Of all the reaction products, only 5 unique elements are present, which are Ru, Mo, Tc, Rh,
and Pd. Each of these elements have the potential to be separated via recoil and to end up
in the solution. Once the initial filtration of the solution and target grains has occurred, the
solution can be chemically separated in order to produce a pure molybdenum product. Along
with long lived Mo isotopes, there are two radioactive isotopes of molybdenum present;
101Mo, and 99Mo. 101Mo has a half life of ∼15 minutes, which is very short relative to the
66 h half life of 99Mo. This means the target can wait for 10 half lives or 150 minutes in
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Figure 6.2: All possible products as a result of Ruthenium activation [15]. Blue indicates
stable isotopes, orange indicates excited isotopes that undergo β+ emission, and pink indi-
cates excited isotopes that undergo β− emission.

order for the 101Mo to decay before the chemical separation, and the purification will result
in a Mo product, with the only radioactive isotope being 99Mo, the isotope of interest.

In order to predict the amount of 99Mo produced, target parameters discussed in Chap-
ter 5 are determined, starting with the isotopic density of natRu, 16O, and H within the
sample, along with their corresponding (n, total) cross sections. The results for all Ru
isotopes are shown in Table 6.1, and the results for 16O and H are shown in Table 6.2.

Table 6.1: Naturally occurring ruthenium isotopes and their abundances. Density of nuclei
for each isotope is calculated according to Eq. 5.7, and (n, total) cross sections for 14.1 MeV
neutrons given in units of barns were obtained from NNDC [15].

Isotope % Ab ηn
[
1/cm3

]
(n, total) σ [b]

96 5.54 1.75 × 1021 4.53885
98 1.87 5.89 × 1020 4.53796
99 12.76 4.02 × 1021 4.5374
100 12.60 3.97 × 1021 4.53705
101 17.06 5.66 × 1021 4.03051
102 31.55 9.95 × 1021 4.03375
104 18.62 5.87 × 1021 4.0789

The mean free path of 7.92 cm was calculated for a target composed of natRuO2 and
H2O, with a volume ratio VR = 0.2, following Eq. 5.11 using isotopic abundances, densities,
and cross sections from Table 6.1 and Table 6.2. Using this value to calculate the reaction
rate, the ideal size of the target is chosen such that the reaction rate is still within the
linear region and each increase in target size increases the number of reaction products by
an appreciable amount. The reaction rate for a shell of thickness, dr, for increasing shell
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Table 6.2: Volume density, molar mass, and the molecular density for ruthenium target
components. Density of nuclei for each isotope is calculated following Eq. 5.7, and (n, total)
cross sections for 14.1 MeV neutrons given in units of barns were obtained from NNDC [15].

Molecule
ρ[

g/cm3
] M

[g/mol]
ηm[

1/cm3
] Isotope

ηn[
1/cm3

] (n, total)
σ [b]

RuO2 6.97 133.098 3.15× 1022
natRu See table 6.1 See table 6.1

16O 6.31 × 1022 1.5964

H2O 1.0 18.02 3.34×1022
1H 6.69 ×1022 0.6852
16O 3.34 ×1022 1.5964

size is shown in Fig. 6.8. A radius of 2 cm has been chosen as it is well within the linear
region, and will be used for production calculations.

Figure 6.3: natRu reaction rates calculated as a function of spherical radius. Reaction rate
is calculated for a spherical shell of 0.1 cm, at the radius, r, from the center.

The cross section for the reaction of interest, 102Ru(n, α)99Mo , is plotted as a function
of incident neutron energy in Fig. 6.4. For the 14.1 MeV neutrons used in this study, the
(n, α) cross section is determined to be 5.4551 mb [15]. The mean free path of the 102Ru(n,
α)99Mo reaction given the volume ratio of 0.2 is calculated to be 9.21 × 104 cm, and the
branching ratio calculated according to Eq. 5.16 is 8.60 × 10−5. The activity of 99Mo that
can theoretically be produced is shown in Fig. 6.5 for 3 different neutron fluxes that are
common in commercial neutron generators over 3 of the 99Mo 66 h half lives [46]. The
exempt quantity of 1 × 106 Bq is also shown for reference, and indicates the amount of
allowed activity that can be produced given the current NSL licensing [47].
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Figure 6.4: 102Ru cross sections as a function of incident neutron energy for (n, α) reaction.
The reaction cross section for 14.1 MeV energy neutrons is 0.0054551 b [15].

Figure 6.5: 99Mo production is plotted as a function of irradiation length for a spherical
target with a radius of 2 cm. Production is shown for 3 common fluxes; 3 × 108, 3 × 1010,
and 3 × 1012 neutrons/s. The exempt quantity is from the Government of Canada website
[47].
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These calculations for the 99Mo production as a result of neutron irradiation shows that
an appreciable amount of 99Mo can theoretically be produced by the NSL. For preliminary
experiments, a sample of Al will be used, instead of the Ru. This is first and foremost due to
the comparitive cost and accessibility of Ru. Al provides a cheap, easily accessible alternative
that can be used for target optimization experiments, and recoil separation experiments, as
it undergoes an (n, α) reaction to produce 24Na , a radioactive isotope of sodium.

6.3 27Al(n, α)24Na
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Figure 6.6: All possible products as a result of aluminum activation. Blue indicates stable
isotopes, orange indicates excited isotopes that undergo β+ emission, and pink indicates
excited isotopes that undergo β− emission.

For preliminary experiments, an aluminum source has been chosen as a target component
to undergo an (n, α) reaction to produce radioactive sodium-24 (24Na) from aluminum-27
(27Al). This is the same reaction mechanism used for the activation of 102Ru to produce
99Mo, making this a good analogue. Furthermore, the cost and accessibility of aluminum
makes this an ideal testing ground to develop the isotope producer project. The grains and
solvent that make up the target that will be used for preliminary experiments are alumina
(Al2O3) and water, respectively. Al is isotopically pure, with 100% of natural aluminum
being the 27Al isotope. All possible products of any 14.1 MeV neutron reaction on 27Al are
shown in Fig. 6.6. Elements in the final product are Al, Mg, Na, Ne, Si, and F, with only
Al, Na, and Mg having radioactive species existing past a few minutes. The only radioactive
Na present is the isotope of interest, 24Na, so secondary separation can occur immediately
following irradiation.
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In order to predict the amount of 24Na produced during irradiation, target parameters
discussed in Chapter 5 are determined, starting with the isotopic density of 27Al, 16O, and
H within the sample, along with their corresponding (n, total) cross sections. Results are
shown in Table 6.3.

Table 6.3: Volume density, molar mass, and the molecular density for aluminum target
components. Density of nuclei for each isotope is calculated following Eq. 5.7, and (n, total)
cross sections for 14.1 MeV neutrons given in units of barns were obtained from NNDC [15].

Molecule
ρ[

g/cm3
] M

[g/mol]
ηm[

1/cm3
] Isotope

ηn[
1/cm3

] (n, total)
σ [b]

Al2O3 3.965 101.96 2.34× 1022
27Al 4.68× 1022 1.7443
16Os 7.03 × 1022 1.5964

H2O 1.0 18.02 3.34×1022
1H 6.69 × 1022 0.6852

16Ol 3.34 × 1022 1.5964

Following Eq. 5.11 and data from Table 6.3, the mean free path of 8.47 cm was calculated
for a target composed of 27Al2O3 and H2O, with a volume ratio XV = 0.2. Using this value
to calculate the reaction rate, the ideal size of the target is chosen such that the reaction rate
is still within the linear region and each increase in the targets spherical radius increases
the number of reaction products by an appreciable amount. The reaction rate for a shell of
thickness, dr, for increasing shell size is shown in Fig. 6.8. A radius of 2 cm has been chosen
for consistency with the 99Mo study and because it is within the linear region.

Figure 6.7: 27Al cross sections as a function of incident neutron energy for (n, α) reaction.
The reaction cross section for 14.1 MeV energy neutrons is 0.122509 b [15].
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Figure 6.8: 27Al reaction rates calculated as a function of spherical radius. Reaction rate is
calculated for a spherical shell of 0.1 cm, at the radius, r, from the center.

Figure 6.9: 24Na production is plotted as a function of irradiation length for a spherical
target with a radius of 2 cm. Production is shown for 3 common fluxes; 3 × 108, 3 × 1010,
and 3 × 1012 neutrons/s. The exempt quantity is 105 as reported on the Government of
Canada website [47].
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The cross section for the reaction of interest, 27Al(n, α)24Na , is plotted as a function
of incident neutron energy in Figure 6.7. For the 14.1 MeV neutrons used in this study,
the (n, α) cross section is found to be 0.122509 b [15]. The mean free path of the 27Al(n,
α)24Na reaction given the volume ratio of 0.2 is calculated to be 8.71 × 102 cm, and the
branching ratio calculated according to Eq. 5.16 is 9.70 × 10−3. The activity of 24Na that
can theoretically be produced is shown in Fig. 6.9 for 3 different neutron fluxes that are
common in commercial neutron generators over 3 24Na half lives [46]. The exempt quantity
of 1 × 105 Bq is also shown for reference, and indicates the amount of allowed activity that
can be produced given the current NSL licensing [47].

6.4 27Al(n, α)24Na Results

In order to determine of the amount of separation that has occurred due to recoil from the
(n, α) reaction, a sample was made consisting of 7.372 g of alumina powder with nominal
particle size of ∼ 45 µm - 250 µm mixed with 12.786 g of water. Prior to the irradiation,
the sample was shaken to make a homogeneous mixture, and then placed next to the NG
accelerator tube, unperturbed during the irradiation. The sample was irradiated for ∼1 h
at maximum neutron flux, and then transferred to a centrifuge that was run for ∼10 m at
∼3300 rpm. The solution was decanted into a syringe fitted with a glass wool filter, and
transferred to a second vial that will henceforth be referred to as Sample A. The remaining
target was left in the original vial, and will henceforth be referred to as Sample B. The
vials were weighed before and after being filled, with weights reported in Table 6.4. Sample
A contained 7.4796 g of the solution, Sample B had a remaining 12.5683 g of the original
target, and there was a 0.0466 g loss of product which occurred during filtration through
the syringe. Sample A was transferred to the GEARS detector for a ∼24 hour measurement,
followed by Sample B for a ∼93 h measurement. The timeline of the sample starting at the
beginning of irradiation and ending with the end of the measurement of Sample B is shown
in Fig. 6.10.

Figure 6.10: Timeline of 27Al activation experiment. The experiment begins at the start
of the neutron irradiation of the sample. The time was marked when the irradiation was
completed, when the sample was placed into the centrifuge, and when the sample was
removed from the centrifuge. Once the sample was split into two separate samples, A and
B, the time was marked when both samples were placed in the detector, and removed from
the detector.
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Table 6.4: Masses of the vials and target components for all three samples during the
experiment. The analytical balance used has a standard deviation of 0.0002 g.

Object Mass (g)
Irradiated Vial 6.6655
Aluminum Oxide 7.3720
Water 12.7860
Total Mass of Irradiated Vial 26.8172
Vial for separated solution 6.6636
Separated solution 7.4796
Remaining product in irradiated vial 12.5683
Syringe and glass filter 7.9979
Syringe and filter after separation 8.0245
Product lost in syringe 0.0466

Spectra taken using the GEARS detector for Sample A and Sample B are shown in
Fig. 6.11, and Fig. 6.12, respectively. As expected, both spectra show prominent peaks at
characteristic 24Na energies of 1368 and 2754 keV. Peaks for 27Mg energies of 844 and 1014
keV are present in the spectrum for Sample A, but not for Sample B. This is because the
half life of 27Mg is only 9.38 m, and any 27Mg present in Sample B had long since decayed
prior to the measurement. Spectra shown in Fig. 6.11 and 6.12 show that the activation of
Al was successful in producing the 24Na isotope.
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Figure 6.11: The measured γ-ray spectrum for solution separated from the target following
irradiation and centrifugation is shown. The solution was measured for ∼24 h. Characteristic
24Na peaks at 1368 keV and 2754 keV are visible, indicating the presence of 24Na in the
solution.

A separation factor is determined by doing time resolved energy peak analysis for the
1368 keV γ-ray transistion in both samples, following the procedure outlined in Sec. 3.3.
Time resolved peak fitting is shown in Fig. 6.13 and Fig. 6.14 for Sample A and B, respec-
tively. The number of 24Na nuclei in each sample at the beginning of their measurements
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Figure 6.12: The measured γ-ray spectrum for the remaining target material following
irradiation, centrifugation, and removal of solution. The remaining target material was
measured for ∼93 h. Characteristic 24Na peaks at 1368 keV and 2754 keV are visible,
indicating the presence of 24Na in the remaining target material.

was calculated to be 9.64(4) × 104 and 3.67(2) × 104 for Sample A and B, respectively.
The corresponding activities are calculated according to Eq. 3.15 with the decay constant,
λ equal to 1.28 × 10−5 1/s, and detection efficiency for the γ-ray energy of 1368 keV equal
to 0.00176(14)%. The activity of Sample A and B at the beginning of their respective mea-
surements are 703(3) Bq and 268(1) Bq. The activity in the sample at the end of irradiation
is determined following

A(t = 0) = A(td)eλtd , (6.1)

where td is the time between the creation of the samples, and the start of the measurement.
Sample A and B were created during the transfer of the original target from the centrifuge,
through the syringe, and into the vial. This was taken to be 60 s before the measurement
of Sample A was begun, and 86373 s before the measurement of Sample B was begun. At
the time of creation, the activity of Sample A was 704(3) Bq, Sample B was 812(4) Bq, and
the total activity was 1516(5) Bq. Results are shown in Table 6.5. It is important to note
that although the detector was calibrated prior to measurements as detailed in Section 3.2,
the calibration was completed using point sources positioned 10.5 cm above the GEARS
detector can. The geometric factor was not calculated for the sample vials used to hold
Samples A and B, and thus the results for the activity of the samples is not exact. However,
the geometry of Samples A and B are identical so the relative activity is not affected.
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Figure 6.13: The time resolved spectrum of 1368 keV peak of Sample A is shown in orange.
The best fit curve established using the minimum χ2 estimation for determining best fit
parameters is shown in blue, with a reduced χ2

ν = 1.01. The background data is shown in
red, while the calculated background is shown in green.

Figure 6.14: The time resolved spectrum of 1368 keV peak of Sample B is shown in orange.
The best fit curve established using the minimum χ2 estimation for determining best fit
parameters is shown in blue, with a reduced χ2

ν = 1.19. The background data is shown in
red, while the calculated background is shown in green.
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Table 6.5: Summary of results of Al activation experiment, including the number of 24Na
nuclei detected in Sample A and Sample B, and the activity of both when they were sepa-
rated from one another.

Sample N0 td [s] A(td) [Bq] A(tc) [Bq]
A 9.64(4) × 104 60 703(3) 704(3)
B 3.67(2) × 104 86373 268(1) 812(4)

The separation factor is calculated following

Separation Factor = AA(tc)
AA(tc) +AB(tc)

· 100%, (6.2)

AA and AB are the activities of Samples A and B respectively, and tc is the time the samples
were created. The separation factor was calculated to be 46.4(4)%.

6.5 Conclusion

In conclusion, a significant amount of 99Mo can be produced via neutron activation of a
natRu source, and the production of 24Na via 27Al(n, α)24Na was successful. Furthermore,
nuclear recoil is an effective method of separating reaction products from the bulk sample.
This study is a successful proof of concept for the development of the isotope producer,
and indicates that neutron activation is a viable method for production of radioisotopes.
Continuing this study, the separation of the products from the bulk sample, possibility
of scaling up production, and NSL capabilities for continuing this endeavor need to be
addressed.
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Chapter 7

Discussion

The isotope producer project is a promising method of isotope production, and with some
development can help the NSL significantly broaden its experimental program. The experi-
ments undertaken in this thesis have resulted in starting points for future projects to further
develop the isotope producer project into a viable solution for the isotope crisis.

7.1 Generating simulations

The calculations completed to determine the viability of the isotope producer project were
based on a very basic geometry. Although this is sufficient for a proof of concept, having a
more detailed simulation can take into account the actual geometry of the neutron generator,
as well as easily simulate the irradiation for different lengths of time, target compositions,
and target geometries. Modelling would be done using the Geometry and Tracking version
4 (Geant4) framework in order to accurately determine the amount of activity produced
during irradiation based on the placement of the target in relation to the neutron generator,
the target size, shape, and target container parameters, and determine how those factors
impact the production during irradiation [48, 49]. This type of modelling can also be used
when scaling up, in order to optimize the placement of the sample in relation to multiple
neutron generators to achieve maximum production.

7.2 Separation

The separation achieved was ∼46% of the total activity produced, done via centrifugation
and filtration of the products through a syringe packed with glass wool. This separation
is proof that the nuclear recoil of the products out of the target grains is an effective
way to separate the product from reactants, and is expected given the neutron energy and
the α emission. Szilard and Chalmers were able to achieve ∼50% separation using themal
neutrons to induce (n, γ) reactions. Although the preliminary 27Al(n, α)24Na experiment
was not optimized in any way, the high energy of the neutrons and the increased recoil
energy resulting from the emission of an α particle compared to a γ-ray can explain the
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separation achieved. To further investigate the separation by recoil process, a simulation
can be created, and additional experiments can be undertaken.

In order to increase the separation due to recoil, further studies on the target composition
will first be carried out. From the preliminary studies it is not evident what is causing the
retention of the reaction products within the target grains. Possibilities are that the reaction
products do not have enough energy to recoil out of the grains, or the reaction products are
sticking to the sides of the grain. Proposed studies to address the aformentioned possibilities
are to vary the size of the grains, and to try using a different solvent [50, 51, 52, 53]. Finally
the filtration of the solvent from the grains will need to be investigated further. Currently,
filtration is accomplished using a centrifuge and decanting the solvent through a syringe.
Although a large portion of the solvent is removed there is still an appreciable amount
remaining with the grains that contributes to a loss of product and potentially a lower
separation ratio. Ideally, the majority of the separation process will be completed during
recoil.

Once the recoil separation and filtration has been investigated and optimized, the purifi-
cation of the products can be implemented. In order to have a useful product, the isotope
has to have a high specfic activity and be isotopically pure. As previously discussed the
elemental isotopic purity can be achieved by the recoil separation and waiting appropriate
times for contaminants to decay. The remaining contaminants in the solvent will need to
be chemically separated, and the remaining product can be concentrated to achieve ideal
specific activity. Purification studies have not begun and are one of the next steps that need
to be taken for the completion of the isotope producer project.

7.3 Product transfer

The transfer of reaction products from the irradiation position and NG vault to the detector
can take upwards of 3 minutes. For isotopes with long half lives such as 24Na or 99Mo, this
is not a problem, but for shorter lived isotopes with t1/2 on the order of minutes, transfer
time can be an appreciable amount of the isotopes lifetime, and a faster transfer is critical
for accurate analysis of the sample. In addition, the use of radioisotopes requires minimal
interference or exposure to the workers in order to minimize the dose acquired. In order
to decrease transfer time and minimize exposure of workers, a pneumatic tube is in place
to connect the vault to the lab. One of the next planned developments of the NSL is to
implement the pneumatic tube so that samples can be automatically transferred from the
vault and into the lab following irradiation. Having this system in place will streamline and
remove human uncertainty from the transferring process. Additionally automatic transfer
can help with the accuracy of measurements as the time it takes for the transfer can be
determined more accurately than for the self-timed Student Running As Fast As Possible
(SRAFAP) method which is currently employed.
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7.4 Experimental analysis

All analysis has been done using the GEARS detector. This method is sufficient, but does
pose problems for shorter lived isotopes, isotopes with gamma energies in the low energy
ranges, and with small amounts of activity. Due to the passive shielding, there is huge
contamination from Compton scattering in the low energy regions. As well, the geometry of
the detector restricts the sample size and placement in relation to the detector, resulting in
samples being placed very closed to the detection can, increasing background at low energy
ranges. Another issue encountered during the analysis of the samples is that the separation
of the product resulted in two separate samples to be analyzed. This becomes a problem for
isotopes with short half lives, as the second sample needs to be analyzed before it decays
while the first sample would need to be analyzed long enough to obtain sufficient counting
statistics. To this end, the addition of a secondary detection system would greatly benefit
the analysis of this study. This would make the analysis more efficient, and allow for longer
detection times and higher detected number of counts, and more accurate results due to
the higher counting statistics.

Another aspect of the analysis that would require attention in order to advance the de-
velopment of the isotope producer is geometric simulations of the target within the detector.
For the experimental determination of the separation ratio discussed in Sec. 6.4, Samples A
and B both had the same volume and geometry, and thus no geometric considerations had
to be taken into account for the detection efficiency. However, if the volume or geometry
of the samples under comparison were to be different, the detection efficiency would have
to be determined for each individual sample geometry. Additionally, if two separate detec-
tion systems were used as proposed, the efficiency of the samples in each detector would
need to be individually determined as well. Fortunately, this has been done in the past for
evironmental studies carried out by the NSL, and the Geant4 framework can be used [54].

7.5 Scaling up production

Neutron induced activation as a method for production of radioisotopes is advantageous
due to the scaling capabilities. A neutron generator costs ∼$200000, which is much cheaper
than alternatives such as the cost of a nuclear reactor or cyclotron infrastructure [55].
Although the amount of activity produced in the preliminary experiment was low, Fig.
6.5 and Fig. 6.9 show that an appreciable amount of activity can be produced, given a
long enough irradiation time. However, increasing the length gives diminishing returns and
beyond a certain point, does not result in increased production. For a larger product yield,
the number of neutrons and/or the number of reactants needs to be increased, as seen in
Eq. 5.12. Due to the size restrictions imposed by the mean free path, seen in the calculations
of reaction rate as a funtion of spherical radius, the size of the target can not be increased
infinitely to increase production. However, increasing the neutron flux and thus the number
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of neutrons, the reaction rate can be increased, which would increase the number of products
as seen in Figures 6.9 and 6.5. For reference, a typical 99mTc generator is made with 2 Ci or
74 GBq of 99Mo [56]. This amount was not reached in the calculations with the highest flux,
and the amount of possible produced activity is approaching the order of 108 Bq. Although
this amount is unattainable using the specified 2 cm radius sphere and NG with flux of 1012

n/s/cm2, by adjusting the parameters as discussed it is well within reach, indicating that
fast neutron induced isotope production of 99Mo is viable.

7.6 Conclusion

The ground work for the development of an isotope producer at the NSL has been completed
with preliminary experiments for the determination of the amount of activity that can be
produced for 99Mo , and 24Na . Additionally, it was shown that the Szilard-Chalmers reaction
is an effective method of recoil separation of reaction products, with a separation ratio
of 46.4(4)% achieved following the irradiation of 27Al to produce 24Na. These promising
results are motivation to continue work on refining the recoil separation by adjusting target
parameters, and developing a simulation for the irradiation to accurately predict the reaction
rates for different target compositions and geometries. Although the quantities required for
commercial production are far beyond the capabilities of the NSL, quantities required for
scientific research is attainable. By developing the infrastructure for an isotope producer,
the NSL can engage in collaborations with research groups requiring specific isotopes and
contribute to a wide variety of research projects.
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Appendix A

Least Squares Analysis

Least squares fitting is a method used to find the best set of parameters for a function, f .
This method utilizes χ2 defined as

χ2 =
∑
i

1
ω2
i

(yi − f(xi))2 (A.1)

where yi is the measurement, f(xi) is the function that depends on the parameters and
relates xi to yi, and ωi the standard error in yi. The best fit parameters of the function, f
are found by minimizing χ2 with respect to the parameters. A fit is considered successful
when the best fit parameters are found such that

χ2
min ≈ d.o.f = D − p (A.2)

where χ2
min is the minimized χ2 calculated following Eq. A.1 with the best fit parameters,

d.o.f is the number of degrees of freedom, D is the number of data points, and p is the
number of free parameters.

All least squares fitting referenced in this thesis is completed analytically using a linearized
χ2 specific to the problem and is described on a case by case basis [57].
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Appendix B

First order χ2 fitting

To find the best fit parameters for a linear equation, the χ2 function takes the form

χ2 =
N∑
i=0

(yi − a0 − a1xi)2

ω2
i

. (B.1)

The first derivative of the χ2 function is taken with respect to the coefficients to give

∂χ2

∂a0
= 0 =

N∑
i=0

yi
ω2
i

− a0

N∑
i=0

1
ω2
i

− a1

N∑
i=0

xi
ω2
i

(B.2)

∂χ2

∂a1
= 0 =

N∑
i=0

yixi
ω2
i

− a0

N∑
i=0

xi
ω2
i

− a1

N∑
i=0

x2
i

ω2
i

. (B.3)

The coefficients can be solved for using matrix algebra in which Eq. B.2 and Eq. B.3 are
rewritten as

∑N
i=0

1
ω2
i

∑N
i=0

xi
ω2
i∑N

i=0
xi
ω2
i

∑N
i=0

x2
i

ω2
i

 [
a0
a1

]
=

 ∑N
i=0

yi
ω2
i∑N

i=0
yixi
ω2
i

 . (B.4)

Following Cramer’s Rules, a0 and a1 are given by

a0 =

∑ yi
ω2
i

∑ x2
i

ω2
i
−
∑ xi

ω2
i

∑ yixi
ω2
i∑ 1

ω2
i

∑ x2
i

ω2
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−
∑ xi

ω2
i

∑ xi
ω2
i

(B.5)

a1 =

∑ 1
ω2
i

∑ yixi
ω2
i
−
∑ yi

ω2
i

∑ xi
ω2
i∑ 1

ω2
i

∑ x2
i

ω2
i
−
∑ xi

ω2
i

∑ xi
ω2
i

(B.6)
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Appendix C

Time resolved peak fitting

To find the best fit parameters for the time resolved peak fitting analysis, the χ2 function
takes the form

χ2 =
N∑
i=0

(Pi − Pi)2

ω2
Pi

+
N∑
i=0

(Bi −Bi)2

ω2
Bi

(C.1)

where Pi is the data in the peak region of the spectrum, Bi is the data in the background
region of the spectrum, N is the number of data points, and ωPi

and ωBi
are the uncertainty

in counts of Pi and Bi, respectively. γ-ray counting experiments follow Poissonian statistics,
which allows for the following substitutions,

ωPi
=
√

Pi

ωBi
=
√

Bi.
(C.2)

For clarity, Pi given by Eq. 3.14 and Bi given by Eq. 3.13 are rewritten as

Σi = P0ni + b0b0i + b1b1i + b2b2i (C.3)

Bi = b0b0i + b1b1i + b2b2i (C.4)

where
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ni = e−λti(1− e−λ∆t)
b0i = ∆t

b1i = ∆t2

2 + ∆tti

b2i = ∆t3

3 + ∆t2ti + ∆tt2i

(C.5)

The χ2 is minimized with respect to the parameters, N0, b0, b1, and b2 by taking the first
derivative of the χ2 function with respect to each parameter to give

∂χ2

∂N0
= 0 =

N∑
i=0

1
ω2

Pi

[
−Pini +N0n

2
i + b0b0ini + b1b1ini + b2b2ini

]
(C.6)
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]

+
N∑
i=0

1
ω2

Bi

[
−Bib1i + b0b0ib1i + b1b

2
1i + b2b2ib1i

] (C.8)

∂χ2

∂b2
= 0 =

N∑
i=0

1
ω2

Pi

[
−Pib2i +N0nib2i + b0b0ib2i + b1b1ib2i + b2b

2
2i

]

+
N∑
i=0

1
ω2

Bi

[
−Bib2i + b0b0ib2i + b1b1ib2i + b2b

2
2i

] (C.9)

which can be rewritten in matrix notation as
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∑ 1
ω2

Pi

n2
i

∑ 1
ω2

Pi

nb0i
∑ 1

ω2
Pi

nb1i
∑ 1

ω2
Pi

nb2i∑ 1
ω2

Pi

nb0i
∑ 1

ω2
Pi

b2
0i +

∑ 1
ω2

Bi

b2
0i

∑ 1
ω2

Pi

b1ib0i +
∑ 1

ω2
Bi

b1ib0i
∑ 1

ω2
Pi

b2ib0i +
∑ 1

ω2
Bi

b2ib0i∑ 1
ω2

Pi

nib1i
∑ 1

ω2
Pi

b0ib1i +
∑ 1

ω2
Bi

b0ib1i
∑ 1

ω2
Pi

b2
1i +

∑ 1
ω2

Bi

b2
1i

∑ 1
ω2

Pi

b2ib1i +
∑ 1

ω2
Bi

b2ib1i∑ 1
ω2

Pi

nib2i
∑ 1

ω2
Pi

b0ib2i +
∑ 1

ω2
Bi

b0ib2i
∑ 1

ω2
Pi

b1ib2i +
∑ 1

ω2
Bi

b1ib2i
∑ 1

ω2
Pi

b2
2i +

∑ 1
ω2

Bi

b2
2i





N0

b0

b1

b2



=



∑ 1
ω2

Pi

Pini∑ 1
ω2

Pi

Pib0i +
∑ 1

ω2
Bi

Bib0i∑ 1
ω2

Pi

Pib1i +
∑ 1

ω2
Bi

Bib1i∑ 1
ω2

Pi

Pib2i +
∑ 1

ω2
Bi

Bib2i


(C.10)

or in short form,

M · ā = v̄, (C.11)

where M is the 4x4 matrix, ā is the vector of parameters, and v̄ is a vector of terms that
are independent of free parameters for each of the expressions in Eq. C.6 - C.9. Following
Cramer’s rule, the solution for the parameters can be found by inverting the 4x4 matrix to
yield

ā = M−1 · v̄. (C.12)

In order to find the error in the parameter N0, it is convenient to expand Eq. C.1 to give

χ2 =
N∑
i=0

P2
i + P 2

i − 2PiPi
ω2

Pi

+
N∑
i=0

B2
i +B2

i − 2BiBi
ω2

Bi

(C.13)

and making the appropriate substitutions, rewrite it as

χ2 = C − 2v̄ā+ āMā, (C.14)

where C, is given by

C =
∑

Pi +
∑

Bi (C.15)

and Eq. C.11 implies that

āMā = v̄ā = āv̄, (C.16)
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resulting in

χ2
min = C − v̄ā. (C.17)

The uncertainties in parameters are determined by establishing an error ellipse around the
point by changing χ2

min by cp,α, which depends on the number of parameters, p, and desired
confidence level, α. The uncertainties in the parameters are constrained to the surface of the
ellipse, and can be written in vector format similar to the parameters vector, ā, following

δ̄a = [δN0 , δb0 , δb1 , δb2 ]. (C.18)

The uncertainty in the parameters can then be determined by writing Eq. C.14 as

χ2(ā+ δ̄a) = C − 2v̄(ā+ δ̄a) + (ā+ δ̄a)M(ā+ δ̄a)
χ2
min + cp,α = C − 2v̄ā− 2v̄δ̄a + āMā+ δ̄aMā+ āMδ̄a + δ̄aMδ̄a

= C − 2v̄ā− 2v̄δ̄a + v̄ā+ δ̄av̄ + v̄δ̄a + δ̄aMδ̄a

= C − v̄ā+ δ̄aMδ̄a

= χ2
min + δ̄aMδ̄a

cp,α = δ̄aMδ̄a.

(C.19)

For the purposes of this thesis, the only uncertainty of interest is δN0 , as the uncertainties
in the background parameters will not contribute to the uncertainty in the determination
of the activity of the source. Before solving for the error in N0, M is rewritten as

M =
[
M00 ν̄b

T

ν̄b m

]
(C.20)

where M00 is the entry of M given by

M00 =
∑ 1

ω2
Pi

n2
i , (C.21)

m is a 3x3 submatrix of M , and ν̄b is the remaining top row entries of M. The vector of
parameter errors is also split so that the error in N0 will be written independently of the
remaining parameters, which are written as the vector

δ̄b = [δb0 , δb1 , δb2 ]. (C.22)

An exact solution for δN0 can be found using the method of Lagrange multipliers, as detailed
in Appendix D, with the function f(δN0) defined by
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f(δN0) = δN0 , (C.23)

under the constraint defined by

g(δ̄a) = δ̄aMδ̄a − cp,α. (C.24)

The error δN0 is independent of the error in the remaining parameters, resulting in

∂δN0

∂δ̄b
= 0, (C.25)

and is subject to the condition defined by Eq. C.19. Expanding g(δ̄a) in order to write it as
g(δ̄b), the full Lagrangian is written as

L (δN0 , δ̄b, λ) = δN0 − λ
(
M00δ

2
N0 + 2δN0 v̄bδ̄b + δ̄bmδ̄b

)
+ λcp,α. (C.26)

The Lagrangian is solved by minimizing with respect to δ̄b, and the multiplier λ such that
they satisfy the conditions imposed by Eq. D.2. This results in the following two equations,

∂L

∂δ̄b
=0 = −λ

(
2δN0 v̄b + 2mδ̄b

)
∂L

∂λ
=0 = −M00δ

2
N0 − 2δN0 v̄bδ̄b − δ̄bmδ̄b + cp,α,

(C.27)

which can be rearranged to show

δ̄b = −δN0m
−1v̄b

cp,α = M00δ
2
N0 + 2δ2

N0 v̄bm
−1v̄b + δ2

N0 v̄bm
−1v̄b.

(C.28)

The solution to this set of equations results in the error εN0 for the parameter N0, given by

εN0 = ±
√

cp,α
M00 + v̄bm−1v̄b

. (C.29)
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Appendix D

Lagrange Multipliers

The method of Lagrange multipliers is used as a strategy to find the local minima or
maxima of a function that is constrained by one or more conditions. The general form of
the Lagrangian in one dimension is given by

L (x, λ) = f(x)− λg(x), (D.1)

where f(x) is the function, g(x) is the constraining condition, and λ is the Lagrange unde-
termined multiplier. The local maximum or minimum is found by constraining a point such
that there exists λ0 where (x0, λ0) is a stationary point, and the first partial derivatives of
the Lagrangian are zero as seen in Eq. D.2.

∂L

∂x
|x0λ0=0

∂L

∂λ
|x0λ0 =0

(D.2)

Following Eq. D.2, there remains 2 equations and 2 unknowns that can be solved for.
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Appendix E

Scaling data using χ2 fit

Scaling data using the minimization of χ2 is performed following the relation

χ2 =
N∑
i=1

(yi − a0xi)2

σ2
i

. (E.1)

To solve for the scaling factor, a0, the first derivative of χ2 is taken with respect to a0 to
give

∂χ2

∂a0
= 0 = −2

N∑
i=1

xi(yi − a0xi)
σ2
i

. (E.2)

Eq. E.2 can then be rearranged to solve for a0, yielding

a0 =
∑N
i=1 σ

−2
i yixi∑N

i=1 σ
−2
i x2

i

(E.3)
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Appendix F

α recoil

�

�

� �
�

�

�

�

�

�

�

�

Figure F.1: Depiction of an P (n, α)D reaction occurring, with the α and D particles being
ejected at angles φ and θ from the neutron’s original trajectory, respectively.

In an P (n, α)D reaction, the neutron is the projectile moving towards the target nucleus,
P, which is stationary. The resulting nucleus breaks into two particles; D and α. This
reaction is shown in Fig. F.1. The energy of the recoiling α particle can be derived from the
conservation of energy and momentum of the system. Conservation of momentum gives

pn + pP = pD cos θ + pα cosφ
0 = pD sin θ + pα sinφ

(F.1)
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where pn, pP , pD, and pα are the momentum of the neutron, P, D, and the α particle. The
first line of Eq. F.1 conserves the momentum along the horizontal axis, and the second line
conserves momentum along the vertical axis. Conservation of energy gives

EP + En = ED + Eα, (F.2)

where EP , En, ED, and Eα are the energies of P, n, D, and α, respectively. The energy of a
particle is made up of its kinetic and mass energy, and in the non-relativistic limit of v � c
where v is the velocity of a nuclei and c is the speed of light, can be written as

E ≈ mc2 + p2

2m (F.3)

where p is momentum, and m is the nuclear mass. In order to determine the energy of
the resulting particle D and the emitted α, first the momentum of the α particle can be
determined for the emission angle of θ = 0 to π. Eq. F.1 can be rewritten following

p2
α cos2 φ = (pn − pD cos θ)2

p2
α sin2 φ = p2

D sin2 θ

p2
α = p2

n + p2
D − 2pnpD cos θ,

(F.4)

and Eq. F.2 can be rewritten under the assumption that the target nuclei is at rest, using
the nonrelativistic energy of a particle following

mnc
2 + p2

n

2mn
+mP c

2 = mDc
2 + p2

D

2mD
+mαc

2 + p2
α

2mα

p2
n

2mn
+ (mn +mP −mD −mα)c2 = p2

D

2mD
+ p2

α

2mα

Etot = p2
D

2mD
+ p2

α

2mα

p2
α = 2mα

(
Etot −

p2
D

2mD

)
.

(F.5)

Setting the result of Eq. F.4 equal to the result of Eq. F.5 gives a quadratic expression in
pD,

0 =
(

1− mα

mD

)
p2
D − 2pn cos θpD + p2

n − Etot2mα. (F.6)

An expression for pD dependent on the angle of emission, θ can be solved for using the
quadratic formula to give
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pD =
−pn cos θ +

√
p2
n cos2 θ − (1− mα

mD
)(p2

n − Etot2mα)
1− mα

mD

. (F.7)

The corresponding momentum of the α particle dependent on θ is found following the result
of Eq. F.4. The corresponding angle of emission, φ, of the α particle can then be found by
rearranging the equation for conservation of momentum in the vertical axis as seen in Eq.
F.1 to give

φ = sin−1
(
pD
pα

sin θ
)
. (F.8)

Finally, the total kinetic energy, T, of D and α can be determined following

T = p2

2m. (F.9)

Figure F.2: The energy of D as a function of angle of emission of the α particle is shown
for the 102Ru(n, α)99Mo reaction (blue) and the 27Al(n, α)24Na reaction (red).

The energies of the resulting particle D for the (n, α) reaction from 27Al and 102Ru are
shown in Fig. F.2. For the 27Al(n, α)24Na reaction, 24Na has kinetic energy, or recoil
energy, ranging from 80 - 400 keV. For the 102Ru(n, α)99Mo reaction, 99Mo has energy
ranging from 280 - 820 keV. The reason the 102Ru(n, α)99Mo reaction results in a higher
energy of the recoiling nucleus is because of the difference in rest mass energies of the nuclei
taking part in the reaction. In Eq. F.5, a substitution is made for Etot to give
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Etot = p2
n

2mn
+Qc2, (F.10)

where Q is the difference in rest mass energy between the initial and final nuclei given by

Q = mn +mP −mD −mα. (F.11)

For both reactions, the kinetic energy of the neutron is equal to 14.1 MeV. The 27Al(n,
α)24Na reaction has a Q value of -3.13 MeV, while the Q value for the 102Ru(n, α)99Mo
reaction is 2.51 MeV [58].
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