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ABSTRACT

Today’s high demand for power (electricity) is dominantly supplied from power stations
burning fossil fuels. At the risk of depletion of the Earth’s supply of fossil fuel, developments
in alternative sources of power include nuclear power and renewable energy (e.g. wind
turbines). Current nuclear power plants rely on fission reactors which generates significant
amount of energy but at the cost of unwanted radioactive by-products. Fusion power is seen
as an alternative source of electricity in the future, producing less waste than their fission
counterpart. Understanding how materials behave under the influence of a high flux of
neutrons will be valuable towards the future design of the fusion reactor.

Analysis from neutron activated foils resulted in cross-section measurements that were a few
order of magnitudes larger than published values (Jendl 4.0). To suppress background
contributions to the detector, an anticoincidence system was developed at the University of
York. The system utilise both passive and active shielding, for the latter, a plastic scintillator
(BC404, Saint-Gobain Crystals) was used to veto contribution from (high energy) cosmic
rays that can be registered in the primary detector (Ge(Li), Ortec). Experiments using a *’Na
calibration source saw a reduction of counts of 45% and 36% in the 511keV and 1274keV
photopeaks respectively.

A current material of interest is a PAK alloy predominantly made up of iron, where small foil
samples where irradiated at the ASP facility (AWE Aldermaston, UK) to observe for
reoccurring reactions and the induced activity of the foil itself. Data from three experiments
(EXPT92, EXPT93, and EXPT102) were provided by Steven Lilley (Culham Centre for
Fusion Energy). From the identified y-ray peaks from the EXPT92 dataset (sample), the
induced activity of a 1g test sample irradiated for 5 minutes, had an equivalent dose-rate (in
air) of 13.4nSv.hr™ at 1m.
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1.INTRODUCTION

1. INTRODUCTION

In 1960, HMS Hornbill (Culham airfield) near Oxford was acquired by the United Kingdom
Atomic Energy Authority (UKEA) for nuclear research. Today it is known as the Culham
Science Centre where Culham Centre for Fusion Energy (CCFE), the UK’s national
laboratory for fusion research, is the home of the famous Joint European Torus (JET) and
Mega Amp Spherical Tokamak (MAST) experiments!!,

There is a heavy demand for energy (power) at a global scale. A large proportion is sourced
from burning fossil fuels such as coal but at the cost of carbon dioxide emissions and
depletion of the Earth’s supply. An alternative source is nuclear power which in 2011
contributed 17.8% of the UK’s annual electrical power production”. The understanding of
nuclear physics, more specifically nuclear fission, led to the development of nuclear power
via fission reactors. For simplicity, fission is the break-up of heavy nuclei into 2 equal
fragments (and fission fragments) releasing energy of the order of 200MeV per fission. The
Kinetic energy is harnessed to produce electrical power, via a steam turbine generator similar
to coal power stations, at a commercial level. Although significant amount of power is
produced, unfortunately the chain-reaction leads to various unwanted (long-lived) fission
products and actinides referred to as radioactive waste. An alternative is nuclear fusion which
is the process of fusing light nuclei at very high temperatures releasing energy, a process is
commonly seen in the Sun and other stars.

The ultimate goal at CCFE is to utilise fusion power at a commercial level by fusing
deuterium ( H) and tritium ( °H), at very high temperatures above 100 million degrees
Celsius. This can be achieved by containing the reaction inside a tokamak. At high
temperatures the nuclei become a plasma state and fuse producing a-particles ( 4He) and
14.1MeV neutrons as illustrated in fig. (1.1). The energy from the neutrons is absorbed to
drive a conventional steam turbine generator. The advantages of fusion include: the high
abundance of 2H and 3H (strictly 3H is naturally quite scarce however escaping neutrons
from the plasma may interact with the lithium blanket within the vessel producing *°H — a
process known as tritium breeding), no carbon dioxide emissions, and no long-lived
radioactive waste products™?,
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FIGURE [1.1]: (D,T) reaction resulting in 3.5MeV a-particles and 14.1MeV neutrons.

Currently the CCFE are heavily involved in the International Thermonuclear Experimental
Reactor (ITER) project. ITER will be roughly 2-3 times the size of JET, proposing to produce
500MW of power from 50MW input. Construction began in 2010 on the ITER site located in
Cadarache, France, aiming for completion by 2019 and starting the deuterium-tritium
operation in 2027. Research and development with ITER will lead to the development of the
Demonstration Power Plant (DEMO)®!. Fig. (1.2) below shows an image of JET (UK) and
ITER (France).

FIGURE [1.2]: JET (left) and proposed design for ITER (right). Images taken from www.ccfe.ac.uk and
www.iter.org respectively.

Due to the nature of the reaction it is important to understand how materials behave under a
high flux of energetic neutrons. Research on neutron activated materials will be beneficial in
the future of reactor design and technology. The MSc. project focuses on the nuclear
technique known as Neutron Activation Analysis (NAA) where a stable target is bombarded
by neutrons inducing neutron capture. At the nuclear level, the nuclide can be in an excited
state due to an excess of neutrons. The radionuclide will decay emitting characteristic y-rays
which can be detected using a high resolution detector, typically a high purity germanium
(HPGe) detector. The NAA technique, which is also employed in forensics and homeland
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security, is known for yielding significant results just from irradiating a small sample
typically weighing less than 1g.

To be familiar with the analysis technique, data from neutron activated target foils were
provided by Steven Lilley (CCFE). The measured neutron cross-sections were found to be
larger than the values published on Jendl-4.0 database. The cross-section measurements are
related to the number of counts detected so one approach is to minimise background
contribution which is achieved using passive shielding (lead castle) and active shielding using
a secondary detector. The active shielding component was developed at the University of
York where a plastic scintillator was setup to veto background radiation (cosmic rays)
impinging on the Ge(Li) detector via coincidence counting. A material of interest at the
CCFE in an alloy called PAK450. The data from the neutron activated alloy (also provided
by Steven Lilley) was analysed to observe common reactions and induced activity, leading to
the concept of exposure and dose rate (radiation protection) of the activated alloy.

Monte-Carlo simulations were performed using a program called FLUKA (via Flair
interface). An input file was created to replicate the HPGe detector and the experimental
setup at the CCFE. By simulating pulse height spectra of a given source, it is possible to
compare the expected and experimental detector efficiency of the HPGe detector.
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2. THEORETICAL CONSIDERATIONS

2.1 NUCLEAR PHYSICS CONCEPTS

A
ZXN

FIGURE [2.1]: Notation for element X with Z protons and N neutrons. The atomic weight A is the sum of
Z and N.

An atomic nucleus made up of protons (Z) and neutrons (N) is the central component of an
atom. Fig. (2.1) is a common notation which describes a specific nucleus. Isotopes refer to
nuclides which have the same Z but different atomic mass (A) due to variation in N, an
isotone is a nuclide with the same N but different Z, and nuclides with the same A are known
as isobarst.

Z, number of protons
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FIGURE [2.2]: The Segré chart. The colour scheme illustrates the various decay modes, where the stable
nuclides are marked in black (line of stability). Image taken from National Nuclear Data Centre
(http://www.nndc.bnl.gov/chart).

The occurrence of nuclei reveals informative detail regarding nuclear structure. The table of
nuclides (previously known as the Segré chart, fig. (2.2)) presents stable and unstable nuclei
with respect to their proton and neutron number. An unstable nuclide becomes stable by
ejecting a portion of itself or emitting y-rays. In reference to the Segré chart unstable nuclei
will decay towards the line of stability with the following processes; a-decay, B-decay, and y-
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emissiont*>®!. The figure below illustrates the possible decay pathways for a given unstable
radioisotope.

N
7

PROTONS

NEUTRONS _

FIGURE [2.3]: Change in atomic mass from common radioactive decay modes.

The radioactive decay law states that the number of radioactive atoms at time t, N(t), is
governed by the expression,

N(t) = Nye ™ (2.1)
Where N, is the initial number of atoms and 4 is the decay constant for a given radionuclide
which is related to the half-life ¢, ,,

L _h@ (2.2)

ti/2

The activity A is the number of decaying atoms (or disintegrations) per unit time,

dN (2.3)

A=—=—2N
dt

The unit “disintegrations per second” is commonly referred to as the Becquerel (Bq). The
Curie (Ci) is an older unit for activity which is equivalent to 3.7 x10°Bq.

In turn the decay equation can be written as,

A(t) = Age™™ (2.4)
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2.1.1 a-DECAY

Heavy unstable nuclei (Z > 80) will generally undergo a-decay. During this process an a-
particle is ejected from the nucleus in the form of “He. a-particles are classed as heavy
charged particles, they can be highly energetic (which is also discrete) but have a relatively
low velocity due to its mass. This implies that they have low penetrating characteristics such
that they lose their energy as they interact with matter. a-particles typically have a range of a
few centimetre in air, decreasing further with denser materials. An expression for a-decay is,

4X > 423y + SHe + Q
Q=My—My— Ma)cz (2.5)

Where Q is energy released, M is the mass and c is the speed of light. During this type of
decay process the half-life is long typically of the order of years.
2.1.2 B-DECAY

B-decay is the emission of either electron (e ™) or positron (e™). If the nucleus is neutron-rich
a neutron can transform itself into a proton by a process known as [3-decay

n-pt+e +v
X - 49V + Je+v+0Q
Q = (My — My)c? (2.6)

Similarly for proton-rich nucleus (B*-decay),

p-on+et+v
X -,V +%+v+0Q
Q= (MX_MY_Zme)CZ (2.7)

Where v and v are the neutrino and antineutrino respectively. An alternative decay mode for a
proton-rich nucleus is electron capture, in which a proton and an electron are transferred into
a neutron and a neutrino.

pte -on+v
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X+ e, Y +v+Q
Q = (My — My)c? (2.8)

B-decay has a characteristic continuous energy spectrum where the peak is the average energy
and the end-point is the maximum energy. Thin sheets of metal (e.g. aluminium sheet of a
few millimetres thick) are commonly used to attenuate B-particles. The half-life can vary in
the order of magnitude from a few minutes to a few weeks (months).

2.1.3 y-EMISSION

A radionuclide in an excited state decays to another state (which may be excited or ground
state) by emission of a photon in the form of y-rays which arise from transitions within the
nucleus, or X-rays arising from transitions within the atomic shell. y-rays typically follow o
and B-decays since these decay modes often lead to an excited daughter nucleus.

Emitted y-rays have energies ranging from a few keV to an order of MeV, with relatively
short half-lives typically measure in seconds (in some cases in hours). Photons are the most
penetrative of the 3 modes of decay, where lead blocks are commonly used to attenuate y-
rays.

2.2 INTERACTIONS OF PHOTONS WITH MATTER

Photons (X-rays and y-rays) interact through 3 mechanisms; Photoelectric Effect, Compton
Scattering, and Pair Production®),

2.2.1 PHOTOELECTRIC EFFECT

FIGURE [2.4]: Concept of photoelectric effect.
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During photoelectric effect, the entire photon energy E, is transferred to a bound electron.

The electron gains sufficient to be ejected from its orbit thus becoming a photoelectron with
energy E,.-.

E,- =E,—E, (2.9)

Where E,, is the binding energy of the electron, and E, is the product of Plank’s constant h
and frequency v. The ejected electron leaves a vacancy in the shell (fig. (2.4)), an electron
from an outer shell may de-excite and “drop down” whilst emitting X-rays to occupy the
vacancy. The de-excitation is known as Auger electrons. The cross-section (or probability) ¢
is proportional to the atomic number and incident photon energy,

- Z45 (2.10)
PE 3.5
EV

From the expression it is seen that the Photoelectric effect is dominant low energy photons
and high-Z materials.

2.2.2 COMPTON SCATTERING

b ST i RECOIL
ELECTRON

FIGURE [2.5]: Concept of Compton scattering.

Compton scattering occurs when the incident photon is deflected from its path at an angle 6,
which collides with as electron at rest (see fig (2.5) above). Due to conservation of
momentum, some of the photon energy is transferred to the electron, in turn the recoil
electron is rejected from its shell. The scattered photon energy E, can be determined by the
expression,

E, = Ey

1 Ey 1 0
+m0c2( —cos6)

(2.11)
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Where m, is the electron rest mass and c is the speed of light (the product mqc? is commonly
referred as the rest mass energy). Due to the scattering of photons at various angles the
probability of interaction is governed by the Klein-Nishina formula (differential cross-
section),

do e ( 1 )2 (1 + c0529> <1 N a?(1 — cosB)? ) (2.12)
— = /T
dfn O\1+ a(1—--cosH) 2 (14 cos260)(1 + a(1 — cosh))

Where @ = hv/mqc? and 1, is the classical electron radius. For simplicity in terms of
material (Z-number) and energy,

7 (2.13)
Ocs X E

2.2.3 PAIR PRODUCTION

FIGURE [2.6]: Concept of pair production.

Photon energies in excess of twice the rest mass energy (2moc? = 1.022MeV) the photon
energy can be completely converted into the production of electron-positron (e - e™) pair. As
shown in fig. (2.6) the positron can collide with electron and undergo an annihilation process
such that 2 y-rays (511keV each) are emitted back to back. The kinetic energy is,

EK == E)/ - 2m0C2 (214)

The pair production cross-section increases roughly with the kinetic energy and the material,
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opp X Z*E, — 2myc? (2.15)

2.2.4 ATTENUATION

Consider a beam of photons passing through a medium. It is seen that the intensity of the
beam after interacting with the medium (the transmission) is lower than the incident beam.
This phenomena is known as attenuation. Following the Beer-Lambert law, the transmission
is related to the material and length of the target.

I, = [je ™" (2.16)

Where I, is the incident intensity, I, is the transmission, X is the absorber thickness, and u is
the attenuation coefficient of a given material. The linear attenuation coefficient is commonly
used to describe the attenuation per unit length, whereas the mass-attenuation coefficient
(quoted in units of area per unit mass) takes into account the density of the material.

= (|| =

INTENSITY

v

ABSORBER THICKNESS

FIGURE [2.7]: Intensity diminishing with thickness.

Shown by the exponential decay in fig. (2.7), photons are not stopped indefinitely (they have
infinite range) however, the intensity can be reduced dramatically using relevant shielding
such as lead (high Z material). The total attenuation coefficient is the sum of the 3 interaction
mechanisms,

K= ppg t Hes t+ Upp (2.17)

Fig. (2.8) illustrates how the interaction mechanisms contribute towards the attenuation
coefficient for germanium as a function of photon energy. The figure shows 3 distinct regions
corresponding to the photoelectric effect, Compton scattering, and pair production
mechanisms. Significant attenuation (or absorption) occurs at relatively low energies
(<100keV for the case of germanium) as a result of the photoelectric effect. As the photon
energy increases, the photoelectric effect becomes less dominant and in turn the level of

10
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attenuation decreases. Compton scattering becomes dominant at energies between ~200keV
to a few MeV. As with the photoelectric effect, the attenuation coefficient decreases further
with energy however the rate of change (with respect to energy) is not at severe. Pair
production is dominant at higher energies beyond a few MeV where the attenuation
coefficient slowly increases with energy and, in the case of germanium, plateaus to a constant
value. The step (sudden increase in attenuation coefficient) on far left of the graph is known
as the K-edge which corresponds to the energy required to eject a K-shell electron (innermost
shell of the atom)™. Minimum attenuation occurs at energies where Compton scattering and
pair production mechanisms are equal (about 7MeV seen in germanium).

MASS-ATTENUATION COEFFICIENT
OF GERMANIUM

1000
. K-EDGE TOTAL
2 1oo-|k‘\ - zg
£ ErNeueataseeqinilaseim il iinin PP
S .
S 104 \
g \
O N
L \
- A
Q N\
z AN
g | e N
5 0.1 L~ \ g i, SRR
i Fiiet
= \ R errt s
E 0.01 4 N /'/\”\.
< \ £ B ~
N
0.001 . \ / . .
0.01 0.1 1 10 100 1000

PHOTON ENERGY (MeV)

FIGURE [2.8]: Mass-attenuation coefficient as a function of energy for germanium. The figure illustrates
the individual contributions due to the photoelectric effect (PE), Compton scattering (CS), and pair
production (PP). The K-edge occurs at 11keV. Data taken from XCOM: Photon Cross Sections Database
(National Institute of Standards and Technology, http://www.nist.gov/pml/data/xcom/index.cfm).

The interaction mechanisms vary according to the absorber material and y-ray energy as
shown in fig. (2.9). An ideal characteristic of a radiation detector, in terms of y-spectroscopy,
IS to maximise energy absorption via the photoelectric effect. Fig. (2.9) shows that high Z
materials are good candidates for radiation detectors'®.

11
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FIGURE [2.9]: Dominance of the interaction mechanisms at various energies for a given Z-material.
Image taken from Radiation Detection and Measurement, G. Knoll. p52.

2.3 RADIATION DETECTORS

The knowledge on how radiation interacts with matter can be exploited to manufacture
detectors for a given type of radiation. Radiation detectors are commonly categorised into 3
types; gas, scintillator, and semiconductor’®. Table (2.1) is a summary of these

classifications.

DETECTOR TYPE

REMARKS

GAS

SCINTILLATOR

SEMICONDUCTOR

Simplest type of detector which measures ionisation produced
(ion-electron pairs) in the gas. The Geiger-Mdller (GM) tube is
a common gas detector which measures the intensity of a given
source unfortunately there is no information on energy
deposition.

Scintillators measure the light induced within the scintillator
crystal from a radiation event, which is converted into a current
pulse and amplified via a photomultiplier tube (PMT).
Scintillators such as Nal have good efficiency with moderate
energy resolution.

Semiconductors operate by measuring the charge induced from
a radiation event. Depending on the material, the detector will
vary among moderate efficiency and good resolution. Common
examples are Si and Ge.

TABLE [2.1]: Brief description of various types of detectors.

12
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2.3.1 HIGH PURITY GERMANIUM (HPGe) DETECTOR.

Germanium (Ge) is a well-known semiconductor material (Z=32) for y-ray detectors and is
famous for their superior energy resolution. Unfortunately they are prone to thermally
induced leakage current so they require cooling with liquid nitrogen (LN;). They were
initially produced in the 1960’s applied with lithium ion drifting to the Ge-crystal forming
Ge(Li) detectors. By the mid-1970’s high purity germanium (HPGe) detectors were
commercially available. As the name suggests HPGe implies that there are less impurities in
the crystal and are slightly easier to maintain. Unlike Ge(Li) detectors which need to be
cooled indefinitely, HPGe detectors can settle near room temperature when not in operation.
Because of the dewar, Ge-detectors are considered to be bulky however today there are
smaller dewars available yielding a few hours of operating time making it portable to some
extent®. Research in alternative cooling methods has led to the development of mains
operated mechanical coolers (e.g. ORTEC X-Cooler 11, www.ortec-online.com/download/X-
COOLER-II.pdf) removing the need for LN,. Eliminating the dewar will make the detector
system less bulky as a whole and convenient for long/multiple experiments (no need to refill
the dewar). Also, introduction of battery packs will allow mechanical coolers to be portable.

HPGe-detectors are fabricated using the Czochralski technique!®. A seed crystal is placed
inside a pool of molten germanium which is slowly withdrawn. The growth of the crystal is
controlled by adjusting the temperature of the melt and the rate of withdrawl. The Hall effects
are measured to determine if it is n or p-type, it is then cut into a cylinder with the face
bulletised to maximise charge collection (if the end is not bulletised then the electric field
lines are not radial such that there will be low field regions at the “extreme corners”)

The Ge-crystal is a cylindrical can with the core removed. This is known as a coaxial
configuration subdivided further into p-type or n-type depending on the contact, which
ultimately governs the direction of electrons and holes drifting within the crystal. Fig (2.10)
illustrates the difference between the p-type and n-type detectors. As a radiation event
(photon) interacts with the crystal it produces electron-hole pairs (ehp’s) where the migration
induces a charge proportional to the photon energy and is recorded through the acquisition
system using various nuclear instrument modules (NIM’s).

13
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p-TYPE n-TYPE

n* CONTACT p* CONTACT
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— |

FIGURE [2.10]: Schematic of coaxial configuration. Image modified from Radiation Detection and
Measurement, G. Knoll. p409.

2.3.2 PLASTIC BC404 SCINTILLATOR

Manufactured by Saint-Gobain Crystals, the plastic (organic) scintillator is made up of
Polyvinyl-Toluene (PVT) monomer blended with a primary scintillator dye and secondary
wavelength shifting dye. The pre-polymerised mixture is poured into glass moulds and placed
inside an oven to allow the mixture to fully polymerise for about a week. Once cooled, the
glass moulds are removed and the plastic slab is ready to be cut as required'®.

Scintillators operate differently to semiconductors that being the emission of light
(fluorescence) from ionising radiation. A photomultiplier tube (PMT) is coupled to the
scintillator so that the light is converted into electrical pulses and analysed using relevant
NIM’s. The following are properties for an ideal scintillator™®:
e Conversion of kinetic energy of charged particles into detectable light with high
efficiency.
e The light yield should be proportional to the energy deposited.
e For good light collection the scintillator should be transparent to its own emission
wavelength.
e In order to generate fast pulses, the decay time of the induced light should be short.
e The scintillator material should be suitable to be manufactured in large volumes (or as
required for the detector).
e The refractive index of the material should be similar to that of glass to maximise
optical coupling with the PMT or equivalent light sensor.

Organic scintillators are well known for their fast pulses, are relatively cheap and can be
produced in large volumes at cost of energy resolution. They are commonly used in timing
experiments.
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2.3.3 y-RAY SPECTROSCOPY

In many cases, the main purpose of radiation detectors is to measure the energy distribution
(spectrum) of the incident radiation®. This can be achieve by analysis of the pulse height
distribution produced by the detector and associated equipment such as amplifies and a
multichannel Analyser (MCA). The MCA collects the data (broad range of voltage pulses)
and is converted into digital format via an Analogue-to-Digital Converter (ADC). The data is
binned into individual channel numbers (counts per channel) producing an image known as a
spectrum. For a monoenergetic source, a single peak will be observed where the spread over
a range of channels reflects the fluctuations in the pulse heights produced by the detector. If
the energy of the characteristic peak is known then the channel number can be translated in
terms of energy (a process known as energy calibration). Strictly the random nature of
radiation is described by the Poison distribution however, if good counting statistics are met
then the randomness tends towards a Gaussian distribution.

The width, or the full width at half maximum (FWHM), of the energy peak describes the
resolution R, of the detector. The FWHM is related by,

FWHM
R =

Xo

2V2In20 (2.18)

Xo

Where x, is the peak centroid and ¢ is the standard deviation. Resolution is often quoted as a
percentage or even expressed as the FWHM alone (in some cases the full width at one tenth
maximum may be used).

Another property of the detector is the efficiency at which photons are detected®'%. The
absolute efficiency (g455) is the ratio of events detected with respect to the events emitted of
a given source. Mathematically it is defined as,

O (2.19)
ABS — 77
N)’

N, = Al, (2.20)

Where Cr is the total number of counts, N, is the number of y-rays emitted by the source
which itself is a function of the activity A and the fractional intensity (branching ratio) I, for
a given energy. The intrinsic efficiency (g;yr) is the ratio of events recorded with respect to
the events impinging on the detector, taking into account the solid angle Q.
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S Cr (2.21)
INT — /
N)’
0 (2.22)
Ny = ENV
d (2.23)
) =2n (1 - —)
VaZ + 12

Where d is the source detector distance and r is the radius of the detector can. The intrinsic
photopeak efficiency (&;p) considers the energy peak so therefore it takes into account the
counts under the peak C,,.

Cp (2.24)
&P =7
Y

Commonly seen with Germanium detectors, the full energy peak efficiency is measured over
a wide range of energies and fitted to the logarithmic function,

N £yl (2.25)

Ine = Zai (lnE—O)

i=1

Where q; are fitted parameters and E, is the fixed reference energy'®..
2.4 NEUTRON ACTIVATION ANALYSIS

Neutron activation analysis (NAA) is a technique with involves a sample irradiated by
neutrons to induce radioactivity®®'. Consider a target bombarded by neutrons such that
neutron capture occurs. The target will either remain stable or become unstable; in the latter
case the nuclei will be in an excited state and undergo -decay emitting y-rays which can be
detected using an HPGe detector. The net rate of the radioactive nuclei is governed by the
expression,

dN 2.26

Where Ny is the number of isotopes produced during irradiation. The rate of production P(t)
is a function of the number of target atoms Ny, cross section o, and neutron flux ¢ (%),

16




2.THEORETICAL CONSIDERATIONS

P(t) = Nxo(t) (2.27)

If the flux is constant then the general solution for Ny is,

P :
Ny — _(1 _ e—)lyt) (2 28)
Ay
Considering an irradiation time t, then,
Nyo 2.29
Ny (&) = x99 (1 — e~rto) (2.29)
Ay
The number of atoms at time t after irradiation can be expressed as,
Ny (t) = Ny (to)e Mt (2.30)

The irradiated sample may not be placed in front of the HPGe-detector immediately so
counting interval from t; to t, needs to be taking into account, where t; denotes the waiting
time and t, is the counting/acquisition time. Fig. (2.11) shows the behaviour of a neutron
activated sample. During irradiation there is a build-up in activity. Over a long period of time
the induced activity will slowly reach equilibrium (saturation) such that the rate of production
and rate of destruction (decay) are equal. After irradiation the sample solely decays. The
number of counts detected N between t; and t, is expressed as,

t2 (2.31)
Nc(ty, ty) = AyNy (t)dt

t1

t2
= Ay Ny(t,) | e Mrt-togt
t1

_ Nyod
=7

(1 — e~Mrto)edrto(e=Arts _ o=Avt2) (2.32)
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>  ACTIVITY

t, t, t,  TIME

FIGURE [2.11]: Activity build-up as sample is irradiated to t,. Counting measurements taken between t,
and t,.

The number of target atoms Ny (for a given isotope) is related to its natural abundance A(%)
the atomic weight W, , Avogadro’s number N, , and the mass of the sample m.

mN, (2.33)
W,

The detector response takes into account the absolute full energy peak efficiency ¢, and the
fractional intensity L, of the y-ray from the particular nuclei.

Nxo¢
Ay

(2.34)

~ Ne(ty, tp) = (1 — e Mrto)etrio(e~tvls — e~Mrta)e [,

2.5 BACKGROUND RADIATION

The term background radiation refers to ionising radiation which occurs naturally in the
environment. Terrestrial radiation originate from the Earth’s surface (rocks and soil) and are
present in many building materials commonly from ®U and %**Th decay series as well as
K. The level of radiation varies over the Earth’s surface. Cosmic rays arise in 2 forms;
primary cosmic-rays are extremely energetic (GeV and greater) heavy charged particles and
ions in space. They interact with the Earth’s uppermost atmosphere producing a large
assortment of energetic (up to order of MeV) showers of electrons, neutrons, protons, as well
as pions, muons, and photons. Artificial radiations are man-made occurring from medical
procedures (diagnostic and therapeutic radiology), nuclear industry, and fall out from nuclear
testing, warfare, and accidents (Chernobyl and Fukushima nuclear disasters)®®!.

Background radiation can contribute towards the detector system which varies with the type
and size of the detector. Background contribution can be “controlled” using relevant
shielding!®. The more common and simplistic approach is passive shielding using dense
material. Lead is the most widely used shielding because of its high atomic number (Z=82)
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and density, in turn the photoelectric effect dominates at energies up to ~500keV. Only a
thickness of a few centimetres can attenuate significant amounts of y-rays. Lead is typically
manufactured into interlocking blocks which gives the freedom of constructing a shield (lead
castle) to a desired size. Lead is also naturally radioactive so specially refined lead (at a
financial cost) is used for low-background applications. Other materials used for shielding
purposes include steel (commonly used when lead alone is too expensive) and concrete
(construction of large volume shielding at a low cost). It is possible to construct a specially
designed laboratory (e.g. concrete walls, lead-lined plywood) and even locate the laboratory
underground to reduce background radiation, however penetrative cosmic-rays can still
contribute towards the counting system.

Active shielding is a technique using a secondary detector (or an array of detectors)
surrounding the primary detector. Also known as an anticoincidence shielding, the process
involves the rejection of pulses occurring in both detectors in coincidence to suppress
background radiation. This technique is commonly used to suppress the highly energetic
cosmic-rays which are capable of penetrating through conventional shielding, and therefore
can penetrate through both detectors. The primary detector is commonly a semiconductor
(such as HPGe) and the secondary detector is a large scintillator™.

Depending on the application it is possible to employ both passive and active shielding as
part of the detector setup. Another approach that utilises a coincidence (or anticoincidence)
counting system is detector segmentation. The detector crystal is fabricated such a way to
allow multiple independent readouts of separate sub-volumes of the detector!®.
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3 EXPERIMENTAL PROCEDURE

3.1 HPGe & Ge(Li) DETECTOR CHARACTERISATION

HPGe SHAPING
/Ge(Li) PREAMP AMP MCA
HV
SUPPLY

FIGURE [3.1]: Schematic of generic detector setup in the laboratory for y-spectroscopy.

A HPGe detector was loaned to CCFE from the University of York. The detector is inside a
lead castle made up of lead blocks surrounded with 1cm thick steel and a custom built lead
door. The source holder is specially designed aluminium can with a Perspex base which is
mounted to the detector using an adjustable stage. This yields a source-detector distance of
1.2cm.

Fig. (3.1) above is a typical setup for y-spectroscopy. To observe the effect of shaping time
on the performance of the detector, a *>*Eu spectrum was acquired at shaping times varying
from 0.5-10ps. The detector was calibrated using ***Am, ***Ba, and ***Eu sources (acquisition
times for each source were 700s, 900s and 1200s respectively). The absolute and intrinsic
efficiency of the detector can be determined from the saved spectra.

A similar experiment was setup at the University of York using a Ge(Li) detector. A **'Cs
calibration source was placed 3cm in front of the detector and an energy spectrum was
acquired over a period of 5 minutes. Additional spectra were acquired whilst adjusting the
shaping time on the amplifier.

3.2 BC404 PREPARATION AND BACKGROUND SUPPRESSION
(ANTICOINCIDENCE SHIELDING)

Background suppression can be performed in 2 ways; the simplest approach is passive
shielding using lead blocks. A more advance technique is active shielding by using a second
detector (plastic BC404) in close proximity of the primary. As mentioned in section 2.6 the
signal/output from the Ge(Li) detector will be rejected if accompanied with coincidence
pulses from the BC404.
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Firstly the BC404 was inspected for any physical defects in the plastic. The 2cm x 10cm x
46¢cm slab (sometimes referred as “the cricket bat” due to its size) coupled to a light-guide
was wrapped in aluminium foil, so the induced light escapes solely through the light-guide
itself, and then wrapped in black insulating tape to eliminate any external light source. The
exposed surface of the light-guide was swabbed with isopropanol then a small amount of
optical gel (EJ-550 Silicone Optical Grease, Eljen Technology) was carefully distributed
before mounting the PMT. Thread tape (PTFE Thread Seal, Klingerflow) was used to seal the
gap between the light-guide and PMT, and then finally wrapped with foil and black tape to
seal and secure the PMT.

Due to the nature of background suppression, a coincidence unit is required. Fig. (3.3)
illustrates the setup of the veto detector with the settings of the various modules in the NIM-
BIN shown in table (3.1). An oscilloscope (LeCroy Wavejet 314 100MHz) was used to
observe the response from the modules in real time.

To validate the anticoincidence setup a Na calibration source was placed 2cm in front of the
Ge(Li) detector and an energy spectrum as acquired over a duration of 30 minutes. Further
spectra were acquired with passive shielding, active shielding, and a combination of both.
The lead castle is lined with an inner 3mm thick copper sheet to attenuate the characteristic
lead X-rays. Due to the size of the castle, 2 copper panels and a small number of lead blocks
were removed to compensate for the length of the scintillator as seen in fig. (3.2).

FIGURE [3.2]: Development of anticoincidence system to suppress background radiation. Ge(Li) detector
(A) inside lead castle lined internally with copper sheet (to attenuate Pb X-rays) with BC404 scintillator
(B) sitting above. Two copper panels and a small number of lead blocks were removed (C) to position the
BC404. When in operation, a copper sheet was placed on top of the castle with another layer of lead
blocks.

21




3.EXPERIMENTAL PROCEDURE

VYOW

*3Jemyos OYLSIVIN YHM [euiwd} Jd 03 Pa3dauuod s yIIA “sindul
[suueyd-nnw aney Jordepy [9A37 0008Y1 NSI-D'8D3, PUE JOJEUIWLIDSIA [BI0 GETI A01d37 “Bulp|alys annde Joy dmas |eyuawiiadxl :[¢°e] 3N

"dAY
ONIdVHS
AddNS
AH
\l E——— O EES—— / P — lJ
1INN : ¥oldvav | | |
odo “INIOD _ REVER! _ | a4o | V4L dNVIYd (M@
] doldvav || _ ¥0r0q
| RELER | _ a+o _ V4l 1\d 211SY1d
— . . ——
4
AddNs

NH

22




3.EXPERIMENTAL PROCEDURE

MODULE

SETTINGS/REMARKS

ORTEC 556 HV POWER
SUPPLY?

ORTEC 459 HV POWER
SUPPLY"

ORTEC 474 TIMING FILTER
AMPLIFIER?

ORTEC 474 TIMING FILTER
AMPLIFIER®

LeCROY 623B OCTAL
DISCRIMINATOR

EG&G LA8000 LEVEL
ADAPTOR

ORTEC 416A GATE AND
DELAY GENERATOR

ORTEC 418A UNIVERSAL
COINCIDENCE UNIT

ORTEC 572 SHAPING
AMPLIFIER

HV: -1.7kV
HV: +3.0kV
COURSE: x20
FINE: 3
INT: 50ns
DIFF: ouT
COURSE: x1
FINE: 2.5
INT: 20ns
DIFF: ouT

CONSTANT FRACTION DISCRIMINATOR

POLARITY INVERTER

DELAY: 7.7
SCALE: 1.1ps
INPUT 1 [BC404]: ANTI-COINC.
INPUT 2 [Ge(Li)]: COINC.
COARSE: x50
FINE: 7.3
SHAPING: lus

TABLE [3.1]: Modules installed in NIM-BIN. *Module associated with BC404. "Module associated with

Ge(Li).
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4. COMPUTATIONAL MODELLING

Monte-Carlo (MC) simulations are used to evaluate functions that are too complex to be
calculated analytically commonly used in nuclear/particle transport. MC simulations rely on
random number generators and require a seed (user defined starting point). Below is an
example of a photon interacting with matter and the random number generated is associated
to a specific interaction mechanism.

Generate a random |

number Re(©,1] |
v
Calculate position of
interaction
v
Generate a random A
number Re(0,1]
0<R=0.5 0.8<R=1
e 0.5<R=<0.8 <
Photoelectric Compton Coherent
Photon history Generate a random | (Generate a random
finishes number R€(0,1] number R€(0,1]
; v v
] Calculate Calculate
Follow history scatter angle scatter angle
of photoelectron % L
Calculate
energy, H,
probabilities

FIGURE [4.1]: Flow chart to illustrate a photon propagating through a medium. Probability of
interaction: Photoelectric effect — 0.5, Compton scatter — 0.3, Coherent scatter — 0.2. Here coherent
(Rayleigh) scattering is where a photon interacts with a bound orbital electron. The photon loses very
little energy and scatters through at small angles. Image courtesy of Dr Silvia Pani (University of Surrey).

4.1 FLUKA

A collaboration between Italian National Institute for Nuclear Physics (INFN) and European
Organisation for Nuclear Research (CERN), FLUKAM B! (www.fluka.org) is a particle
transport code based on Fortran for applications such as detector design, dosimetry,
radiotherapy, neutrino physics etc. It is capable of simulating the interaction and propagation
in matter of various particles with energies ranging from 1keV to a few thousand TeV, and in
special cases up to 10PeV with add-on packages.

FLAIRM (www.fluka.org/flair/index.html) is a common graphic user interface (GUI) for
FLUKA, which operates by constructing an input file (*.inp) in the form of “cards”. Each
card specifies certain aspects of the system modelled or of the desired output. For example,
the BEAM card defines the radioactive source in terms of position (Cartesian coordinates) and
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energy (in GeV), ASSIGNMA defines the material for a given region. Fig. (4.2) is a
screengrab of the FLAIR program. The cards are inserted by simply right clicking in the main
window to obtain a generic list of cards (commands). The user can (to name a few) compile
and debug the run-code, produce geometry plots, and process various output files within
FLAIR.

] LabHPGe.Flair - Flair

File Edit Card Input View Tools Help
I TN e P =2 AN - TN e LN P TR I
= LE &
Setthe defaults for precision simulations
DEFAULTS PRECISIO ¥
Define the beam characieristics
BEAM Beam Energy ¥ Erg0011121 Pat PHOTON ¥
Lo Flatv ap 4¢: |sotropic ¥
0e(X) Rectangular ¥ 2601 Shap=(Y): Rectangular ¥ 2y:0.1
Define the beam position
BEAMPOS 0.0 270 z00
cosy: Tyoe: POSITIVE ¥
GEOBEGIN Log: w Acc: Opt: ¢
Ins: ¥ outt ¥ Frit: COMBNAME ¥
Black body
SPH blkbody 0.0 00 200
R 100000.0
Void sphere
void 0.0 00 0.0
A:10000.0
O Steel Base
LabHPGe_plot02 RPP Base Xmin: -27 5 Xmax: 27 5
Database ¥min: 0.0 Ymax: 1,0
Material Zmin: -17.0 Zmax: 23.0
= Elements Lead Castle
RPP PbCastle Xmin: -20. Xmax: 20
Ymin 1.0 Ymax: 41,0
Zmin: -12.0 Zmax: 18,0
Steel Liner 1
RPP Linert Xmin: -15.0
Ymin: 1.0
Zmin: -8,
s /|
ke Toooitoa. PP R T TOO U IY TSR NS &
TITL J
/|
= |
Inp: LabHPGe.inp [Exe: Dir: /npdisks/home/yc872/FLUKA/Ge-Modelling/07FEB12 [Card:1 Total:166 |

FIGURE [4.2]: Flair interface. The main window shows various user cards. The tree browser on left
summaries the input file in convenient sections (e.g. Primary refers to the radioactive source/beam, and
media specifies various materials to be assigned), and commands such as running the code and displaying
plots.
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4.2 SIMULATION OF DETECTOR RESPONSE

b

FIGUREJ[4.3]: Experimental setup at CCFE. HPGe detector (A) suspended on the rig with LN, dewar
(B), pointing down inside the lead castle (C). Image on the right shows the source holder (D) coupled to
the HPGe detector using a mechanical stage. Photographs taken on site with permission from Steven
Lilley.

The experimental setup of the HPGe detector (manufacture specification located in appendix
1) at CCFE was replicated in FLUKA. The input file (see appendix 2) is coded such that the
detector with the source holder is inside a lead castle lined with steel and custom built lead
door sitting on a steel base (see fig. (4.3) above). The detector and source holder was
replicated in the form of a series of cylinders (in FLUKA they are named Right Circular
Cylinder, RCC) whereas the lead shielding (and hollow cavity) was based on cubes
(Rectangular Parallelepiped, RPP). The germanium crystal is based on a cylindrical can
(56.4mm long with 50.1mm diameter) with the face made up of various cones (Truncated
Right Angled Cone, TRC) to mimic the bulletised face. In the code/input file, Gel-4 is
designated as cones and Ge5 is the remaining can. An isotropic point source was positioned
in the centre of the Perspex section of the source holder about 1.2cm from the detector (the
source holder is a hollow aluminium can with a Perspex base with a small compartment
where the source is placed). Fig. (4.4) illustrates the geometry setup simulated in FLUKA.
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FIGURE [4.4]: Plots of the geometry setup in FLUKA. (i) side view at the centre, z = Ocm, (ii) overhead
view at y = 29cm, (iii) zoomed image of Perspex source holder coupled to detector at z = Ocm, (iv) plain
line drawing of overhead view (FLAIR tends to label all region when creating plots as seen in (ii)).

Porta and Campi™! wrote a paper on HPGe detector simulations in FLUKA and showed that
it is possible to produce pulse height spectra via the DETECT card. The function detects the
number of events in a user defined region of interest (i.e. Gel-5) within an energy range
(Emin and Ej,q) in GeV. The number of bins/channels available is currently fixed at 1024 so
for simplicity each bin is equivalent to 1keV (Epim = 1 X 107°GeV and Ep,q, = 1.024 X
1073GeV). DETECT was implemented in the input file which in turn produced a Fortran
output (*fort.17). Unfortunately reading *fort.17 was not yet implemented in FLUKA, this
issue was resolved from a Fortran program detoutput.f located on the FLUKA online
discussion forum™®. The program was used to convert the data into an ascii file. >**Am point
source was simulated in FLUKA and produced a spectrum shown below.
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FIGURE [4.5]: Comparison of *Am, E, = 59.5keV (I, = 35.9%). Experimental FWHM = 1.9keV.
Simulation FWHM = 0.6keV.

It can be seen that the simulated energy spectrum has higher resolution in comparison to the
spectrum acquired at CCFE. This is due to simulated detector system being pure; there are no
impurities in the assigned materials and it does not take into account the electronics (and the
associated noise) used in spectroscopy. There is also a sight offset in the lab frame of a few
keV which is most likely due to the energy calibration.

13383 and *?Eu calibration sources were reproduced to mimic the sources that were available
at CCFE. Ideally a Fortran code that is read into FLUKA is used to simulate a non-
monoenergetic source. This led to some difficulty so for simplicity each y-emission was
treated as an independent source. The initial number of photons from the source (FLUKA
refers this as the number of primary histories) based on the activity of the CCFE calibration
source taking into account the fractional intensity (branching ratio) and acquisition time.
Below (fig. (4.6)) is the absolute efficiency of the detector. It is evident that the efficiency
degrades at energies greater than 100keV as a result of Compton Scattering (Photoelectric
effect becoming less dominant). The efficiency degrades further at energies greater than
1MeV because a large proportion of the incident y-rays will penetrate through the detector
with minimal interaction®. As before the simulation depicts an ideal response. A factor
which can cause this discrepancy is the (surface) dead layer of the detector. This is the
inactive region of the germanium crystal initially governed by the thickness of p+ and n+
contacts (typically < 1um and ~100um respectively). The surface dead layer can vary over
periods of time such that the electric field and charge collection efficiency will diminish due
to the formation of surface channelst®!.
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The active area can be determined by modifying the dimension (reducing the size) of the
germanium crystal such that the simulated and experimental efficiencies are similar (although
can be time consuming). It may be useful to acquire an X-ray image of the detector to
observe the positioning of the crystal for future reference.
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FIGURE [4.6]: Comparison of efficiency in simulation and lab-frame.
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5. RESULTS AND DISCUSSION

5.1 ACTIVATION OF Mo-FOIL

The target foils were irradiated using the ASP Accelerator (AWE Aldermaston, UK) where a
deuteron beam is accelerated at a tritium target inducing the (d, t) -reaction to produce
14MeV neutrons. The target foils are disc-shaped, 12mm in diameter and 125um thick. A
Pneumatic Transfer System is utilised at AWE where the foil is placed inside a capsule which
positioned for irradiation for 5 minutes and then placed in front of the HPGe detector. An
energy spectrum of the irradiated sample is then acquired over a duration of 15 minutes (the
transport time was taken as 10 seconds)!*").

IRRADIATED Mo-FOIL

1e+5

1e+4

1e+3 A

COUNTS

1e+2 A

1e+1 A

1e+0

0 500 1000 1500 2000 2500 3000
ENERGY (keV)

FIGURE [5.1]: Energy spectrum of neutron activated Mo-foil with many characteristic y-rays. The inset
shows visible y-rays between 700-800keV. Data provided by Steven Lilley (CCFE).

30




5.RESULTS AND DISCUSSION

DETECTOR EFFICIENCY
10
8 4
e
O
Pz
L
O
L 4+
L
L
2 .
0 T T T T
0 1 2 3 4 5
ENERGY (MeV)

FIGURE [5.2]: Intrinsic full-energy peak efficiency fitted to equation (2.25). Data provided by Steven
Lilley (CCFE).

Data from neutron activated foils were provided by Steven Lilley (CCFE). Fig. (5.1) is an
energy spectrum of a molybdenum (Mo) foil weighing 0.1453g which has been neutron
activated. The various energy peaks are due to the y-rays emitted from the corresponding
(n, 2n), (n, 3n), (n, p), and (n, o) reactions. The detector efficiency curve (fig. (5.2)) was
obtained using calibration sources and fitted to equation (2.25), where the coefficients a; were
determined using ORTEC GammaVision v6.09 software™  (http://www.ortec-
online.com/Solutions/applications-software.aspx). Firstly in order to identify the peak, all
possible products for a given reaction should be known. The products are checked on the
National Nuclear Data Centre (NNDC) database (www.nndc.bnl.gov) to determine whether it
is stable or unstable, and for the latter case, any characteristic y-rays emitted. The energy
peaks from the acquired spectrum are compared to those that are expected to be seen.

The stable molybdenum isotopes are Mo, **Mo, ®Mo, ®*Mo, *"Mo, ®Mo, and **Mo. Table
(5.1) and fig. (5.3) below illustrates for the case of *Mo the possible nuclides produced as a
result from neutron activation. For this isotope the radioactive products (the parent) are ®*Nb
(t1/» = 51.3mins) which evidently decays backs to ®*Mo, and *Zr (t,,, = 64days) which
initially B-decays to %Nb (t1/2 = 86.6hrs) in turn decaying into ®*Mo. The reactions result in a
stable form of molybdenum after irradiation however consider the case of Mo where the
(n, a) reaction produces **Zr which is stable. Since a small fraction of Mo-atoms are lost, it
can be said that neutron activation is a “non-destructive technique”®. Although this is true
for molybdenum, strictly it will depend on the target material and where it is positioned on
the Segré chart.
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REACTION DAUGHTER

*®Mo (n, 2n) Mo STABLE

Mo (n, 3n) ®*Mo  STABLE
*Mo (n, p) ®Nb Mo
%Mo (n, a) *Zr *Nb

TABLE [5.1]: Isotope production for Mo bombarded by neutrons.
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FIGURE [5.3]: Neutron activation example for ®Mo. Yellow marker indicates activation pathway and
red marker indicates decay pathway. Image taken from NNDC.

The photopeaks were analysed using ORTEC Meastro v6.08 software (http://www.ortec-
online.com/Solutions/applications-software.aspx) to determine the number of counts
detected. This was performed by highlighting a region of interest (ROI) on a given peak, the
program fits the peak to a Gaussian distribution which returns information such as the peak
centroid (energy), full width at half max (FWHM), and the number of counts. The energy was
entered in  NNDC’s Nuclear Levels and  Gammas Search  function
(http://www.nndc.bnl.gov/nudat?2/indx_adopted.jsp) to identify the origin of the y-ray. By
combining equations (2.33) and (2.34) it is possible to determine the neutron cross-section o.
Rearranging equation (2.34),

— AYNC
o= NX¢6)/I)/(1 — G_AYtO)e/lYtO (e_/lYt1 — e—lytz)
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5.RESULTS AND DISCUSSION

Consider the 726.8keV (I, = 0.09%) y-rays from ®Mo (n, p) **Nb reaction. Taking into
account that the ROI yields 523 counts, *Nb has a half-life of 51.2min, a neutron flux of
3.46x10°n.cm™.s, and detector efficiency of 7.47%. The number of ®*Mo atoms Ny in the
foil target is calculated from equation (2.33) using the information below.

Stable Spin 0 Parity 1 Abundance 24.13%

Mass Excess -88.111723MeV
Binding Energy 8.635125MeV
Magnetic Moment Op
Quadrupole Moment N/A

98MO Half-life Boson, 42p 56n Q Atomic Weight 97.905408169

Show Decay Modes
Show Ultimate Decay Products

FIGURE [5.4]: Isotope data for ®®Mo. Image taken from Periodictable.com
(http://www.periodictable.com/index).

In turn this yields o = (1.9 £+ 0.1)b, which is significantly larger than the published value of
5.64mb (Jendl 4.0, http://wwwndc.jaea.go.jp/jendl/j40/j40.html) shown in fig. (5.5). Applying
the same procedure for the characteristic 909.6keV (I, = 1.28%) photons for the same
reaction yields o = (290 £+ 20)mb. It is closer to the value quoted by Jendl but it is still
relatively large. This process was repeated with remaining identifiable peaks (see table (5.2)).
Unfortunately the experimental cross-sections are not in agreement with Jendl, they are
overestimated by a factor of 10 or 100 and in some case a factor of 1000. The cross-section
measurements are dependent on the number of counts detected for a given photopeak. It is
possible to reduce the number of counts by minimising background contribution. This can be
achieved in a number of ways as mentioned in section (2.5). To observe the influence of
background suppression, an anticoincidence (active) shielding system was developed at the
University of York and will be discussed further in section (5.2.2).
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5.RESULTS AND DISCUSSION

42-Mo-98
Reaction 0.0253-eV 1\'{:":‘; il::n g-factor Rle::e ng::_::e 14-MeV F::;'?ge:.
total 5.596 (b) 6.302 (b) 1.126 - 4.163 (b) 6.043 (b)
elastic 5.464 (b) 6.169 (b) 1.129 - 2.184 (b) 4.704 (b)
nonelastic 132.1 (mb) 132.3 (mb) 1.001 11.43 (b) 1.980 (b) 1.338 (b)
inelastic (E-thr = 7423 keV ) 412.1 (mb) 1.319 (b)
(n.2n) (E-thr = 8.732 MeV ) 1.557 (b) 1.971 (mb)
(0.3n) (E-thr = 15.62 MeV ) - 602.2 (nb)
(n.na) (E-thr = 3.303 MeV ) 176.1 (ub) 55.75 (ab)
(n.0p) (E-thr = 9.896 MeV ) 61.40 (ub) 4431 (ab)
(n.nd) (E-thr = 15.80 MeV ) - 3.079e-12 (b)
capture 1321 (@mb) | 1323@b) | 1001 [ 6.907 (b) 540.0 (ub) 17.51 (mb)
(n.p) (E-thr = 3.840 MeV ) 5.640 (mb) 2.722 (ub)
(n.d) (E-thr = 7.648 MeV ) 257.4 (ub) 89.05 (nb)
(n.t) (E-thr = 9.483 MeV ) 4.488 (ub) 5.073 (ub)
(n.He-3) (E-thr = 9.627 MeV ) 0.000 (b) | 114.9¢-15 (b)
(n.a) 0.000() [ 0.000®) | ~ [ 1512 (ub) 4711 (mb) 8.806 (ub)
MT = 203 (E-thr = 3.840 MeV ) 5.701 (mb) 2.766 (ub)
MT =204 (E-thr = 7.648 MeV ) 257.4 (ub) 89.06 (nb)
MT =205 (E-thr = 9.483 MeV ) 4.488 (ub) 5.073 (ab)
MT =206 (E-thr=9.627 MeV ) 0.000 (b) | 114.9¢-15 (b)
MT =207 0.000() | 0.000@®) | - [ 1512 @wb) 4.887 (mb) 8.862 (ub)

FIGURE [5.5]: Neutron cross-sections for Mo from Jendl 4.0 database.

IDENTIFIED CROSS SECTION

REACTION ENERGY (keV) EXPERIMENTAL (mb) JENDL (mb)
Mo (n,p) *Nb 238.2 (3700 + 200) 41.23
%Mo (n,p) **Nb 351.6 (29000 + 2000) 19.02
*Mo (n,p) *Nb 583.0 (10300 + 100) 41.23
%Mo (n,a) ¥zr 588.3 (960 + 60) 22.98
%Mo (n,p) ®Nb 722.7 (83+5) 19.02
%Mo (n,p) ®Nb 727.3 (1900 + 100) 5.64
%Mo (n,p) ¥Nb 743.4 (70 + 4) 15.60
*Mo (n,p) *Nb 787.8 (18000 + 100) 41.23
%Mo (n,p) ®Nb 910.3 (290 + 20) 5.64
1%9\0 (n,p) 1®Nb 968.9 (1050 + 30) 4.64
%Mo (n,p) ®Nb 982.7 (380 + 20) 5.64
%Mo (n,p) ®Nb 1120.1 (400 + 20) 5.64
%Mo (n,2n) "*Mo 1506.8 (160 + 10) 125.30

TABLE [5.2]: Comparison of experimental neutron cross-section with Jendl.

34




5.RESULTS AND DISCUSSION

5.2 DETECTOR DEVELOPMENT

5.2.1 HPGe & Ge(Li) CHARACTERISATION

S2E4 ENERGY SPECTRUM
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FIGURE [5.6]: ®2Eu spectrum acquired using the HPGe detector at CCFE.
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FIGURE [5.7]: Detector characterisation. The optimum shaping time was determined to be 3us for
HPGe, and 1ps for the Ge(Li) detectors.
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Fig. (5.6) above is a ?Eu energy spectrum. The energy resolution from the dominant
344keV (Iy = 26.5%) photopeak was determined at different shaping times (fig. (5.7)), the
optimum resolution occurs at 3us. The resolution (or FWHM) is the quadrature sum of
various fluctuations in the experimental setup primary from electronic noise and other factors
such as statistical noise contributions®’. The figure below shows the relationship between
equivalent noise charge (ENC) and shaping time. Minimum noise occurs at a shaping time
where contributions from series (thermal) and parallel (leakage current) noise are equal.

ENC

P N FLICKER

v

SHAPING TIME

FIGURE [5.8]: Thermal (resistor) noise, leakage current (shot) noise, and flicker (1/f) noise contributions
as a function of shaping time. In this example the minimum ENC occurs at the valley of the curve. Image
modified from Radiation Detection and Measurement, G. Knoll. p632.

An energy spectrum is essentially a pulse height distribution (histogram) where events are
binned into individual channels. The number of channels available is finite depending on
hardware. Using calibration sources (radioisotope with known energy) the channel number
can be translated into units of energy. Fig. (5.9) is a spectra of 3 calibration sources (***Am,
1333, and *°?Eu) illustrating a linear response between energy and channel number,
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ENERGY CALIBRATION
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FIGURE [5.9]: Energy response of HPGe detector using calibration sources.
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FIGURE [5.10]: Efficiency of HPGe.

Taking into account the fractional intensities of the y-rays emitted from the radioisotope and
the source-detector geometry it is possible to determine the detection efficiency of the HPGe.
Fig. (5.10) above is a graph of efficiency as a function of energy. It is seen that the efficiency
decreases with energy, this is because the photoelectric effect becomes less dominant at high
energies (as discussed in section 4.2).
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FIGURE [5.11]: *¥Cs calibration source acquired using Ge(Li) detector. The circled region indicates
tailed feature in the photopeak due to the detector.

The figure above shows a typical energy spectrum for *¥'Cs acquired with the Ge(Li) detector
at the University of York. The spectrum illustrates various characteristic features such as the
full energy 661.8keV photopeak as governed by the photoelectric effect (full energy
deposition of the incident photon) which is characteristic y-energy for **’Cs. The Compton
continuum relates to the photons that have scattered within the detector (partial energy
deposition). The Compton edge (458.7keV) refers to the maximum energy than can be
transferred to a recoil electron from a single Compton scattering event. The backscatter peak
(185.1keV) is due to the detection of photons that have been scattered in the material
surrounding the detector. **’Cs also have characteristic X-rays via internal conversion, which
results in a **’Ba K, X-ray of 32keV. A peak at low channel numbers is typically seen in an
energy spectrum which is the noise (associated electronic etc.) that is picked up in the
detector system(®.

As with the HPGe detector, various **’Cs spectra were acquired at various shaping times (see
fig. (5.7)). The performance of Ge(Li) should be on par with HPGe, however is can been seen
that the resolution from the Ge(Li) is not as tight (the energy resolution is of the order of 1-
2% whereas it is less than 1% for the HPGe). This could be due to the condition (age) of the
detector because long term changes in charge collection efficiency can cause the detector
efficiency to drift over long periods of time!®. Ideally the photopeaks are fitted to a Gaussian
distribution. The 662keV photopeak exhibit a skewed (tailing) feature caused by physical
effects of the crystal such as imperfect charge collection, and escaping secondary electrons
and bremsstrahlung within the active volumel®. The tailing caused a slight issue with the
Gaussian (peak) fit using the Maestro program. Incorporating the tailing in the region of
interest (ROI) function led to the peak centroid to be lower than expected (registered as
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657.8keV with FWHM of 20.2keV) whereas neglecting the tail the centroid was 662.9keV
with FWHM of 17.1keV. Also, there were occasions where small adjustments ROI led to
large variation in the resolution (e.g. FWHM ~100keV). Optimum resolution occurred with a
shaping time of 1us which was kept constant for the remainder of the project.

5.2.2 ANTICOINCIDENCE SYSTEM

The GATE input on the MCA acts as an acceptance window for the input signal. The gate
signal is produced from a coincidence module (ORTEC Model 418A Universal Coincidence)
using a 2" detector (plastic BC404) in conjunction with the Ge(Li). If an event is detected in
both detectors at the same time, or within a small timing window, it is said that it occurred in
coincidence. In relation to the 418A, if the signals occur in the input channels at the same
time then the 418A unit triggers an output to confirm that they in coincidence. To suppress
background counts the system is setup such that it is in anticoincidence (in terms of electrical
circuits this is a NAND gate as shown below)!8!,

A B C

A 0 0 1
C 1 0 1

B 0 1 1
1 1 0

FIGURE [5.12]: NAND truth table. Image taken from Techniques for Nuclear and Particle Physics
Experiments, W. Leo. p318.
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FIGURE [5.13A]: Response observed for ORTEC 418A coincidence unit for anticoincidence counting.
CHZ1: BC404, CH2: Ge(Li), CH4: 418A. Coincidence unit is setup such that an output is triggered
constantly (i) except when the input signals occur in coincidence (ii).
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FIGURE [5.13B]: Response observed for the MCA. CH1: Ge(Li), CH2: 418A, CH4: 572. Gate window
occurs before the output from the amplifier (i) so the output from 418A needs to be delayed (ii).

To check if the 418A was triggering correctly the input and output signals from the module
were observed on the oscilloscope shown in fig. (5.13A). By default, with respect to the
shaping amplifier (ORTEC Model 572 amplifier), the signal from the coincidence unit is
triggered prematurely so a delay module was installed so the input pulses and the gate
window to the MCA occur in synch with one another (fig. (5.13B)).

22Na SPECTRA
1e+6
511keV —— NONE
—— PASSIVE
1e+5 o 1274keV —— ACTIVE
—— BOTH

511+1274keV

COUNTS

0 500 1000 1500 2000 2500 3000 3500
ENERGY (keV)

FIGURE [5.14]: Shielding comparison with lead castle and veto detector using *’Na calibration source.
Significant level of suppression when both passive and active shielding is employed. The circled region
indicates high energy events binned in the final channel (limitation of ADC). The offset may be due to

energy calibration.
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FIGURE [5.15]: Comparison of 511keV photopeak.
511keV PEAK 1274keV PEAK
SHIELDING COUNTS FWHM (keV) COUNTS FWHM (keV)
NONE 821790 4.65 173248 6.17
PASSIVE 453078 3.94 111352 417
ACTIVE 553485 3.76 144122 3.95
BOTH 448831 3.78 109470 3.91

TABLE [5.3]: Significance of background suppression.

Fig. (5.14) above illustrates various spectra to show the effects of passive and active
shielding. From left to right, the 3 energy peaks refer to the characteristic 511keV and
1275keV, and the 1786keV is the summation the 2 peaks. At high count rates, accidental
peaks occur from coincidences from 2 or more y-rays from the same source which may
overwhelm the number of counts of the true y-ray peak such that the energy reflecting the
sum is recorded rather than the individual energies emitted®. The high energy peak on the far
right is referred to as the “ADC dump”. Events detected with energies beyond the range of
the Analogue-to-Digital Converter (ADC) are binned into the last channel. High energy
cosmic or rare pile-up events may contribute towards this peak™. The lead castle eliminates
a fraction of counts caused by low energy background radiation and any additional
(calibration) sources which may be present in the laboratory. Active shielding via the plastic
scintillator has significantly reduced the number of low energy counts, by rejecting pulses
that occur in coincidence the photopeaks appear narrower (improved energy resolution). The
combination of both passive and active shielding yields the benefits of both systems; a
reduction in counts observed in photopeak with high resolution. Table (5.3) shows the counts
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have reduced by 45.4% in 511keV photopeak (fig. (5.15)), and 36.8% in 1274keV photopeak.
Although the spectrum in a log scale, the high energy counts (above ~2MeV) have been
reduced further.

It seems that having a slab of scintillator material above the Ge(Li) detector is a crude
approach to active shielding. The photopeaks in the spectrum are the main point of interest so
eliminating other features would be ideal. As seen in Compton suppression systems (e.g.
ORTEC CSS-P-C-3.25 Portable Compton Suppression, www.ortec-online.com/solutions) the
scintillator, typically Sodium lodide (Nal) and Bismuth Germanate (BGO), should virtually
cover the germanium detector in an annular geometry. This setup is capable of suppressing
coincident events from (Compton) scattered photons and background radiation, as well as
escaping annihilation photons from pair production. Unfortunately this type of suppression
does not perform well when measuring radioisotopes with complex decay schemes. Because
many y-rays will be emitting in coincidence it is possible that independent y-rays can interact
through both detectors and thus rejected, in turn some full energy photopeaks may be
suppressed unintentionally'®).

5.3 ACTIVATION OF PAK450 ALLOY

The ultimate goal at CCFE is to produce fusion power at a commercial level. As part of the
process it is important to understand how materials behave when exposed to high flux of
neutrons as this will prove valuable when it comes to designing the fusion reactor.

In this section material under investigation is called PAK450. It is an alloy predominantly
made up of iron (see table (5.4)). Small foil samples of the alloy, each weighing under 1g,
were neutron activated at the ASP facility. As before with the metal foils, the alloy was
placed in front of the HPGe detector to obtain a y-spectrum. The dataset, provided by Steven
Lilley, consists of various activation experiments labelled EXPT92, EXPT93, and EXPT102.

ELEMENT %

IRON Fe 611
NICKEL Ni 148
CHROMIUM Cr 177
MOLYBDENUM Mo 2.57
COPPER Cu 021
NITROGEN N 0.04
CARBON c 007
MANGANESE Mn 2.86
SULPHUR S 0.013
SILICON Si 057

PHOSPHORUS P 0.026

TABLE [5.4]: Elements in PAK alloy.
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Unfortunately there was difficulty opening the saved spectrum file in Maestro. The analysis
of the data was performed using RadWare® (radware.phy.ornl.gov). Prior to RadWare, a
Fortran program SPEC_CONV.f was used to convert the data from ascii (*.spe) to a RadWare
compliant (*.gf3) file. RadWare fits the peak using 3 components; Gaussian, skewed
Gaussian, and a smoothed step-function (background). The spectrum was initially calibrated
using the “ec” (energy calibration) command within the terminal, then energy peaks were
analysed using the “nf” (new fit) command, in turn (Similar to Maestro) this yields details
such the area of the peak and its centroid as shown fig. (5.16) below. Fig. (5.17) is the
efficiency curve for the PAK450 dataset.

o Terminal 20-Jun-12 10:31:03 PAK4S0_e
15 indept. pars 666 degrees of freedom, weighted with fit.
9 iterations, Chisq/d.o.f.= 1.222

Backgroun 214(4), B = 0.834(7), C = 0.0(8)

Shape: R = 7.3(21), Beta = 4.5(7), Step = 0.06(8)
position width height area centroid energy 5

1 4566.3(3) 12.3(5) 127(7) 1708(82) 4565.8(3) 922.40(7) 3506
2 4979.39(7)  8.75(8) 1315(17) 12869(137)  4978.86(6) 1005.840(12)
i 5019.22(6)  8.46(5) 3793(27) 35954(219) 5018.69(4) 1013.886(9)

150

ﬁ P el - AL \L T . Al A,

PR .. " AR s N W
rWNwwaM*JVxN\V\:\MWwW%m*MJw\* /memwwij\,vvwwmw WAWMAW/J’“M,MWVWJ\”/'W\pW MAAWL A
4550 4650 4750 4850 4350 5050 5150

FIGURE [5.16]: Peak analysis using Radware. Selecting a region of interest for a given photopeak yields
various information (and associated error) in the terminal window.
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DETECTOR EFFICIENCY
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FIGURE [5.17]: Full peak efficiency for PAK450 dataset. Efficiency data fitted to equation (2.25)
provided by Steven Lilley (CCFE).

ENERGY IDENTIFIED  HALF A, (Bg.g™Y)
(keV) REACTION LIFE EXPT92 EXPT93 EXPT102
90.64  *°Cr(n,2n) “Cr  42.3mins (4.7 £ 0.1) (3.3 +0.1) (39+0.1)
12196  °'Fe (n,p) *Mn  85.4sec (1800 + 30) (1730 + 30) (1790 + 30)
17052  *Si(n,a)*Mg  9.5mins (18.3 + 0.4) (12.9 + 0.3) (20.8 + 0.4)
319.57  **Cr(n,3n)*'Cr  27.7days (59 + 1) (58 +1) (53.2+0.9)

352 *Fe (n,p) *’Mn  85.4sec (2050 + 70) (1620 + 60) (1970 + 71)

377 *Fe (n,3n) *Fe  8.27hrs (730 + 20) (850 + 20) -

758 ®Ni(n,2n) *Ni  6.01days (17800 +900) (16300 +900) (17400 + 900)
84327  Si(na)¥Mg  9.46mins  (22.02+0.09)  (20.00 + 0.09) (25.1+0.1)
846.27  Fe (n,p)**Mn  2.58hrs (2020 + 6) (1971 + 6) (1670 + 5)

922 *Fe (n,p) >’Mn  85.4sec (2480 + 60) - (2590 + 60)
100591  *Cr(np)*®V  1.61mins (377 +5) (390 + 5) (360 + 6)
1013.94  ¥Si(n,a) Mg 9.46mins (19.5 + 0.1) (17.9 + 0.1) (25.4 +0.1)

1163 p (n,2n) ¥P  2.49mins (2500 + 80) (2450 + 90) (2410 +90)

1172 ®Ni (n,p) Co  5.27yrs (8.5+0.2) (8.5+0.1) (8.0 £0.1)
1333.02  ®Ni(n,p)®Co  5.27yrs (5.3+0.1) . (6.1+0.2)
143359  %Cr(n,p)**V  3.74mins (4070 + 20) (4050 + 20) (3870 + 20)
1778.6 %Si (n,p) Al 2.24mins (34.6 £ 0.3) (34.3+£0.3) (33.1+0.3)
1810.41  *°Fe (n,p) *°Mn  2.58hrs (1620 + 10) (1610 + 10) (1370 + 10)

2113 *Fe (n,p) **Mn  2.58hrs (1640 + 20) (1600 + 20) (1390 + 20)
25229  *Fe(n,p) ®*Mn  2.58hrs (1640 + 70) (1740 + 70) (1620 + 70)
26572  *Fe (n,p) ®®Mn  2.58Nhrs (9700 + 200) (9500 +200) (8200 + 200)

2751 *Ni (n,0) *Fe  5.98mins (1100 + 70) (1720 + 70) -
2959.46  *°Fe (n,p) **Mn  2.58hrs (9200 + 200) (9300 +£200) (7900 + 200)

TABLE [5.5]: Induced activity of PAK alloy.
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Table (5.5) above summarises the induced activity of the alloy. It is important to note that not
all energy peaks could be identified. The unknown peaks may correspond to summation of
various peaks. The majority of the identified peaks originate from *°Fe (91.75% abundance)
because over 60% of the alloy itself is made up of iron. The purpose of the dataset is to look
for consistency. In terms of reactor design it is important to observe common induced
reactions as well as the induced activity; the latter case has importance in health and safety
aspects with personnel who are working within close proximity of the reactor. Due to the
nature of the reactor, understanding of biological effects of radiation and radiation protection
is paramount to minimise unnecessary exposure to workers. Since the test foils are small, for
convenience the induced activity was determined in units of Becquerels per unit mass
(Bg.g™) of the alloy. Below is a general expression for the exposure rate of a given source,

I'a
X:ﬁ

Where 7" is the exposure rate constant of a particular source with an activity o at a distance d.
From the expression above the exposure rate constant is quoted in units of Roentgens (R) per
hour for a 1 curie source 1 meter away, although published values are typically quoted in
units of R.cm®>.mCi™.hr (where 1 curie (Ci) is equivalent to 3.7x10%°Bq)!®¢!.

The Roentgen is an old unit to express the measure of exposure, which by convention, is still
used today. By definition 1 Roentgen is the exposure that produces lesu (electrostatic unit)
per unit volume in air.

1R = 2.58 x 10~* C.kg™

~1.61 x 10° ion-pairs.kg™.

The average energy to create an ion-electron pair (referred as the W-value) in air is 33.7eV.

~ 1R ~ 5.42 x 10'° MeV.kg™.

Taking into account that 1MeV is equivalent to 1.6 x 10713J, photons having a radiation
weighting (quality) factor of 1, and by definition the absorbed dose is the energy absorbed per
unit mass, it is possible to express the exposure rate (strictly this becomes the dose-rate, DR)
in units of Sieverts (Sv) per hour in airl®"#.

Consider the 90.6keV photopeak (EXPT92) observed from the *°Cr(n, 2n)*’Cr reaction with
an induced activity of 4.7Bq (equivalent to 1.27 x 10~1°Ci). The exposure rate constant for
“Cr is 5.95R.cm2.mCi™.hr* ¥ in turn the exposure rate becomes 7.55 x 10~ *R.hr™ at 1m.
Taking into account that 1R ~ 8.67 x 10~3J.kg™ in air then the *°Cr radionuclide yields a
dose-rate of 6.55 x 10~ 13Sv.hr™.
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ENERGY  IDENTIFIED r’ X (R.hr)
(keV) REACTION  (Rcm’mCithr') EXPT92 EXPT93 EXPT103
90.64 0Cr (n,2n) “Cr 5.95 7.55x10™" 5.33x10™ 6.20x10™*
121.96 *Fe (n,p) >’Mn 0.51 2.49x10° 2.39x10° 2.49x10°
170.52 0Si (n,a) *’Mg 4.89 2.41x10™ 1.70x10™ 2.75x10°™%°
319.57 3Cr (n,3n) *'Cr 0.178 2.87x10™ 2.80x10™ 2.56x10™

352 *Fe (n,p) °’Mn 0.51 2.83x10° 2.24x10° 2.72x10°

377 >Fe (n,3n) **Fe 4.12 1.40x10°® 1.65x10°® -

758 %Ni (n,2n) *'Ni 9.93 4.79x107 4.37x107 4.72x107
843.27 %0Si (n,0) “’Mg 4.89 2.91x10™"° 2.64x10°° 3.31x10°
846.27 *Fe (n,p) >°Mn 8.54 4.66x10° 4.55x10° 3.85x10°

922 *Fe (n,p) °’'Mn 0.51 3.08x10” - 3.67x107
1005.91 53¢r (n,p) ®*Vv 5.57 5.68x10° 5.90x10° 5.43x10°
1013.94 %0Si (n,0) *’Mg 4.89 2.58x10™ 2.37x10™° 3.36x10™%°

1163 3P (n,2n) *P 5.87 4.04x10°® 3.89x10°® 3.82x10°®

1172 %Ni (n,p) ®Co 12.9 2.99x10%° 2.99x10°° 2.81x107°
1333.02 %N; (n,p) ®°Co 12.9 1.84x107 - 2.11x10%°
1433.59 %2Cr (n,p) >V 7.21 7.94x10° 7.89x10° 7.54x10°
1778.6 %3j (n,p) ZAl 8.37 7.83x10™%° 7.75x10°%° 7.49x10°°
1810.41 %Fe (n,p) *Mn 8.54 3.73x10°® 3.72x10° 3.15x10°®

2113 *Fe (n,p) >°Mn 8.54 3.78x10° 3.70x10° 3.21x10°
2522.9 %Fe (n,p) *Mn 8.54 3.79x10°® 4.01x10°® 3.74x10°®
2657.2 %Fe (n,p) *Mn 8.54 2.23x10” 2.19x10-’ 1.89x107

2751 *Ni (n,a) “Fe 7.18 2.14x10° 3.35x10° -
2959.46 *Fe (n,p) **Mn 8.54 2.11x107 2.15x107 1.83x107

TABLE [5.6]: Exposure rate (R.hr) at a distance of 1m. * Exposure rate constant taking from a paper by
Smith and Stabin,

Table (5.6) indicates the exposure rate (at 1m) of the irradiated alloy. Table (5.7) is an
example of the possible dose rate (in air) for the EXPT92 dataset. The overall dose-rate (from
the identified y-rays) is 13.4nSv.hr* which at first glance is considered low since the average
UK annual background radiation dose is 2.7mSv, and the annual limit for employees in the
nuclear industry is 20mSvi??. From these findings a continuous exposure of over 170 years
would result in the annual dose limit for classified workers. However it should be taken into
account that these results are based on 1g test sample (which was irradiated for 5 minutes) at
a distance of 1m in air, whereas, the fusion reactor will be operating (irradiating) over a
significantly long period of time. It also does not take into account other materials
surrounding the reactor which may affect the exposure rate. It would be interesting to use
dosimeters order to obtain accurate results.
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ENERGY IDENTIFIED DOSE-RATE
(keV) REACTION (pSv.hr?)
90.64  *°Cr (n,2n) “cr 0.7
121.96  °Fe (n,p) °’'Mn 21.6
17052  *°Si (n,a) *’Mg 2.1
319.57  >Cr(n,3n) *'Cr 0.2

352 Fe (n,p) °'Mn 24.5
377 >Fe (n,3n) *%Fe 121.7
758 *Ni (n,2n) *'Ni 4150.6
843.27  ¥Si (n,a) “’Mg 2.5
846.27  *°Fe (n,p) **Mn 404.3
922 *Fe (n,p) °’'Mn 2670.6
1005.91  *3Cr (n,p) >V 49.3
1013.94  ¥Si (n,a) Mg 2.2
1163 P (n,2n) P 350.1
1172 %Nj (n,p) ®°Co 2.6
1333.02  ®Ni (n,p) ®°Co 1.6
143359  %%Cr (n,p) 2V 688.3
17786  *Si(n,p) “Al 6.8
181041  Fe (n,p) **Mn 3235
2113 *°Fe (n,p) *Mn 328.1
2522.9  *°Fe (n,p) >*Mn 329.0
2657.2  *°Fe (n,p) >*Mn 1933.3
2751 Ni (n,a) Fe 185.4
2959.46  *°Fe (n,p) *Mn 1829.4

TABLE [5.7]: Potential dose rate of PAK alloy (EXPT92) at 1m in air. The sum dose-rate is 13.4nSv.hr™.
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6. CONCLUSION

Neutron Activation Analysis is main nuclear technique employed in this project. For
simplicity, a sample that has been neutron activated results in emission of characteristic y-
rays. At the ASP facility the target foils were irradiated for 5 minutes and then placed in front
of a HPGe detector to acquire and y-spectrum of the activated sample. Analysis of irradiated
molybdenum foils resulted in neutron cross-section measurements were larger than published
values (Jendl-4.0) by a factor of 100 or more. The cross-section measurements are
proportional to the number of counts detected so background suppression is an approach to
increase the precision of experimental measurements.

Passive shielding is the simple route by constructing a lead castle to surround the detector.
This can significantly reduce the low energy background contribution however presence of
high energy cosmic rays (~MeV) can penetrate through the lead castle and interact with the
detector. Active shielding employs a secondary detector to veto events that occur in
coincidence (interaction in both detectors at the same time). An anticoincidence system was
developed at the University of York using a Ge(Li) detector with a plastic BC404 scintillator
acting as the veto detector. A scintillator is typically used as the secondary detector as they
are generally faster and more efficient that their semiconductor (HPGe/Ge(Li)) counterpart
albeit at the cost of (energy) resolution. From experiments using #Na calibration (y = 511,
1274keV) source it was found that passive shielding alone resulted in significant reduction in
count-rate. Active shielding also reduced the count-rate (not as much as passive shielding)
and there was a slight improvement in resolution (FWHM reduced by a few keV). Employing
both passive and active shielding combines the benefits as a single system, the 511keV and
1274keV photopeaks saw a reduction in counts of 45.4% and 36.8% respectively.

PAK450 (an alloy predominantly made of iron) is a potential material of interest. Various
datasets of the irradiated PAK foils were analysed to observe for reoccurring reactions and
induced activity of the foils. By referring to published values of exposure rate constants for a
given source it is possible to determine the exposure rate of the radionuclide. This
information can be converted into meaningful units such as the dose-rate which has great
importance in terms of health physics. From the identified y-rays, the total dose-rate from the
EXPT92 sample was 13.4nSv.hr in air at 1m. Further work needs to be carried out to
validate these dose-rates.
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FURTHER INVESTIGATIONS

FLUKA is not as well-known as other programs such as GEANT-4 and MCNP so
comparison of Monte-Carlo simulation may be useful. FLUKA is praised for its easy user
friendly interface using the card-based commands unfortunately this means the user will be
confined within the card system depending on experience. If the user requires something not
predefined or more advanced then it requires coding outside of FLUKA.

After setting up and testing the active shielding at the University of York, it would be useful
to transport the detector to CCFE/ASP to observe the performance of the veto detector onsite.
Through further funding it may be interesting to invest in large volume scintillators to
observe the significance of surrounding the HPGe/Ge(Li) detector (or even the possibility of
investing in a commercial Compton suppression system). Installing an array of Ge-detectors
may be beneficial as this would increase the detection field of view. It would also be
interesting to investigate in other scintillation materials (e.g. Lanthanum Bromide).

From the analysis of the irradiated PAK alloy, further work in dosimetry and aspects in
radiation protection will be beneficial for the health and safety of personnel and visitors.
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GERMANIUM DETECTOR DIAGRAM

SERIAL NUMBER 27-N1847B

[ [
.

r B
] : )
Y
H
J /_
I ’ !
A /
: i i iy
c H
COMPANY PRIVATE
BASIC DETECTOR DIMENSIONS
DETECTOR DIAMETER 501 mm
DETECTOR LENGTH 564 mm
DETECTOR END RADIUS (J) & mm, NOMINAL
HOLE DIAMETER 104 mm
HOLE DEPTH 48.3 mm
HOLE BOTTOM RADIUS HOLE DIAMETER / 2, NOMIMAL

MISCELLANEOQUS DETECTOR ASSEMBLY DIMENSIONS AND MATERIALS

FIGURE [Al]: Schematic of HPGe detector. Datasheet courtesy of Steven Lilley (Culham Centre for

Fusion Energy).

801 S, ILLINOQIS AVE.
OAK RIDGE TH 37831

IDENTIFIER | DIMENSION DESCRIPTION MATERIAL(S)
A 94 mm MOUNT CUP, LENGTH ALUMINUM
B 3 mm END CAP TO CRYSTAL GAP N.A.
[ 3.2 mm MOUNT CUP BASE ALUMINUM
D 0.5 mm END CAP WINDOW BERYLLIUM
E 0.05 mm INSULATOR/SHIELD ALUMINIZED MYLAR
F 0.3 microns  |OUTSIDE CONTACT LAYER Ge with Boron ions
G 700 microns  |HOLE CONTACT LAYER Ge with Lithium ions
H 0.76 mm MOUNT CUP WALL ALUMINUM
| 1.3 mm END CAP WALL ALUMINUM

ORTEC
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APPENDIX 2. LabHPGe.inp (FLAIR INPUT FILE)
TITLE

* Set the defaults for precision simulations

DEFAULTS
PRECISIO
* Define the beam characteristics
BEAM -.0011121 10000.0 0.1 0.1
PHOTON
* Define the beam position
BEAMPOS 0.0 27.0 0.0
*PHYSICS 2.
EVAPORAT
GEOBEGIN
COMBNAME
0 0

* Black body
SPH blkbody 0.0 0.0 0.0 100000.0
* Void sphere

SPH void 0.0 0.0 0.0 10000.0
* Steel Base
RPP Base -27.5 27.5 0.0 1.0 -17.0 23.0

* Lead Castle
RPP PbCastle -20. 20. 1.0 41.0 -12.0 18.0
* Steel Liner 1

RPP Linerl -15.0 15.0 1.0 41.0 -8. 13.

* Steel Liner 2

RPP Liner2 -20.0 -6.0 1.0 41.0 -12.0 -11.0
* Steel Liner 3

RPP Liner3 6.0 20.0 1.0 41.0 -12.0 -11.0

* Steel Liner 4

RPP Liner4 -7.0 -6.0 1.0 41.0 -11.0 -8.0

* Steel Liner 5

RPP Liner5 6.0 7.0 1.0 41.0 -11.0 -8.0

* Cavity in Lead Castle

RPP Cavityl -14.0 14.0 1.0 41.0 -7.0 12.0

* Cavity between Castle and Door

RPP Cavity?2 -6.0 6.0 1.0 41.0 -12.0 -7.0

* Door Liner

RPP Doorl -13.0 13.0 0.0 41.0 -18.0 -12.0
* Lead Door

RPP Door?2 -12.5 12.5 0.0 41.0 -17.5 -12.5
* Source Holder Al-can

RCC Holderl 0.0 27.8 0.0 0.0 10.2 0.0 4.25
* Source Holder Cavity

RCC Holder?2 0.0 28.0 0.0 0.0 10. 0.0 3.25

* Perspex Base

RCC Holder3 0.0 25.8 0.0 0.0 2.0 0.0 4.25

* Perspex Cavity

RCC Holder4 0.0 26.8 0.0 0.0 1.2 0.0 2.3

* External Al-Mounting Can

RCC Detl 0.0 28.0 0.0 0.0 14.0 0.0 3.01103
* Mounting Can Cavity

RCC Det2 0.0 28.0 0.0 0.0 13.5 0.0 2.88103
* Al-End Cap Window

RCC Det3 0.0 28.0 0.0 0.0 0.05 0.0 2.88103
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* Inner Al-Mounting Cup

RCC Det4 0.0 28.35 0.0 0.0 9.4 0.0 2.58103
* Inner Mounting Cavity

RCC Detb 0.0 28.35 0.0 0.0 9.08 0.0 2.50503
* Mylar Insulator

RCC Detb6 0.0 28.35 0.0 0.0 0.005 0.0 2.50503
* Outer Boron Ion

RCC BorOutb 0.0 29.2 0.0 0.0 4.84 0.0 2.5053

* Ge-crystal

RCC Ge5 0.0 29.2 0.0 0.0 4.84 0.0 2.505

* Inner Lithium Ions

RCC Lithb 0.0 29.31 0.0 0.0 4.73 0.0 0.59

* "Inner Finger"

RCC Holeb 0.0 29.41 0.0 0.0 4.63 0.0 0.52

* Boron Bulletized Face
TRC BorOutl 0.0 28.4 0.0 0.0 0.0609 0.0 1.7053 2.0114
* Boron Bulletized Face

TRC BorOut2 0.0 28.4609 0.0 0.0 0.1734 0.0 2.0114 2.2703

* Boron Bulletized Face

TRC BorOut3 0.0 28.6343 0.0 0.0 0.2596 0.0 2.2703 2.4413

* Boron Bulletized Face

TRC BorOut4 0.0 28.8939 0.0 0.0 0.3061 0.0 2.4413 2.5053

* Ge Bulletized Face

TRC Gel 0.0 28.4003 0.0 0.0 0.0609 0.0 1.705 2.0111

* Ge Bulletized Face

TRC Ge2 0.0 28.4609 0.0 0.0 0.1734 0.0 2.0111 2.27

* Ge Bulletized Face

TRC Ge3 0.0 28.6343 0.0 0.0 0.2596 0.0 2.27 2.441

* Ge Bulletized Face

TRC Ge4 0.0 28.8939 0.0 0.0 0.3061 0.0 2.441 2.505

* Bulletized Lithium Face

TRC Lithl 0.0 29.14 0.0 0.0 0.015224 0.0 0.39 0.466536

* Bulletized Lithium Face

TRC Lith2 0.0 29.155224 0.0 0.0 0.043355 0.0 0.466536 0.531421
* Bulletized Lithium Face

TRC Lith3 0.0 29.198579 0.0 0.0 0.064885 0.0 0.531421 0.574776
* Bulletized Lithium Face

TRC Lith4 0.0 29.263464 0.0 0.0 0.076536 0.0 0.574776 0.59
* Hole Bulletized Face

TRC Holel 0.0 29.21 0.0 0.0 0.01522 0.0 0.32 0.39654

* Hole Bulletized Face

TRC Hole2 0.0 29.22522 0.0 0.0 0.04334 0.0 0.39654 0.46142
* Hole Bulletized Face

TRC Hole3 0.0 29.26856 0.0 0.0 0.0649 0.0 0.46142 0.50478
* Hole Bulletized Face

TRC Hole4 0.0 29.33346 0.0 0.0 0.07654 0.0 0.50478 0.52
END

* Black hole

BLKBODY 5 +blkbody -void

* Void around

VOID 5 +void -Base -PbCastle -Doorl -Door2 -Detl

* Target

BASE 5 +Base -Doorl -Door2

CASTLE 5 +PbCastle -Linerl -Liner2 -Liner3 -Liner4 -Liner5 -
Cavityl-Cavity?2

LINER1 5 +Linerl -Cavityl-Cavity?2

LINER2 5 +Liner2

LINER3 5 4+Liner3
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LINER4 5 +Liner4
LINERS 5 4Liner5
CAVITY1 5 +Cavityl -Holderl -Holder2 -Holder3 -Holder4 -Detl -Det2
CAVITY2 5 +Cavity?2
DOOR1 5 +Doorl -Door2
DOOR2 5 +Door2
HOLDER1 5 +Holderl -Holder2 -Holder4 -Detl
HOLDER2 5 +Holder2 -Holder4 -Detl -Det2
HOLDER3 5 +Holder3 -Holder4
HOLDER4 5 +Holder4
DET1 5 +Detl -Det2
DET2 5 +Det2 -Det3 -Det4
DET3 5 +Det3
DET4 5 +Det4d -Detb
DET5 5 +Det5 -Det6-BorOutl -BorOut2 -BorOut3 -BorOut4 -BorOutb
DET6 5 +Det6
BOROUT1 5 +BorOutl -Gel
BOROUT?2 5 +BorOut2 -Ge2
BOROUT3 5 +BorOut3 -Ge3
BOROUT4 5 +BorOut4d -Ge4
BOROUTS 5 +BorOutb -Geb5
GE1 5 +Gel
GE2 5 +Ge2
GE3 5 +Ge3
GE4 5 +Ged4-Lithl-Lith2 -Lith3 -Lith4
GES 5 +Ge5 -Lithl -Lith2 -Lith3 -Lith4 -Lithb5
LITHI 5 +Lithl -Holel -Hole2 -Hole3 -Hole4
LITH2 5 +Lith2 -Holel -Hole2 -Hole3 -Hole4
LITH3 5 +Lith3 -Holel -Hole2 -Hole3 -Hole4
LITHA 5 +Lith4 -Holel -Hole2 -Hole3 -Holed4 -Hole5
LITHS 5 +Lith5 -Holel -Hole2 -Hole3 -Holed4 -Hole5
HOLE1 5 +Holel
HOLE2 5 +Hole2
HOLE3 5 +Hole3
HOLEA4 5 +tHole4
HOLES 5 +Holeb
END
GEOEND
MATERIAL 24. 51.9961 7.18
CHROMIUM
* Stainless-Steel (typical)
* Stainless-Steel is produced with Cr content ranging from
* 4 - 19 Atomic Percent, and with C content from 0 - 4 percent.
MATERIAL 8.0
Stainles
COMPOUND 18.0 CHROMIUM 74.0 IRON 8.0
NICKELStainles
223 Lucite, Perspex
Chemical H CH
* Formula | | 3
x e —= C _ C _____
* | |
* H C - 0 - CH
* C H O | | 3
* 5 8 2 0
MATERIAL 1.19
Polymeth
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COMPOUND 8.0
OXYGENPolymeth

* Mylar, Melinex

* Chemical Formula

*

* -———— 0 -C-2C
* ||
* C HO @)

* 10 8 4

MATERIAL

Mylar

COMPOUND 8.0
OXYGENMylar

MATERIAL 5.
BORON

MATERIAL 32.
GERMANIU

MATERIAL 3.
LITHIUM

MAT-PROP

MAT-PROP 10.0
DPA-ENER

STERNHEI 3.1221
0.14LITHIUM

MAT-PROP

MAT-PROP 20.0
DPA-ENER

STERNHET 5.1411
0.14GERMANIU
MAT-PROP

STERNHET 2.8477
0.14BORON

*

O N A
ASSTIGNMA BLCKHOLE
ASSTIGNMA AIR
ASSIGNMA Stainles
ASSTIGNMA LEAD
ASSIGNMA Stainles
ASSIGNMA Stainles
ASSIGNMA Stainles
ASSIGNMA Stainles
ASSIGNMA Stainles
ASSTIGNMA ATIR
ASSTIGNMA AIR
ASSIGNMA Stainles
ASSTIGNMA LEAD
ASSTIGNMA ALUMINUM
ASSTIGNMA AIR
ASSTIGNMA Polymeth
ASSTIGNMA AIR
ASSTIGNMA ALUMINUM
ASSTIGNMA AIR
ASSTIGNMA ALUMINUM
ASSTIGNMA ALUMINUM
ASSTIGNMA AIR
ASSTIGNMA Mylar
ASSTIGNMA BORON

HYDROGEN
H-C = C-H
/ \

\\ !/
H-C - C-H

HYDROGEN
10.811
72.61

6.941

0.1304

0.3376

0.0305

A3

C

BLKBODY

VOID
BASE
CASTLE
LINER1
LINER2
LINER3
LINER4
LINERS
CAVITY1
CAVITY?2
DOOR1
DOOR2
HOLDER1
HOLDER2
HOLDER3
HOLDER4
DET1
DET2
DET3
DET4
DET5
DET6
BOROUT1

5.0

5.323

0.534

40.0

1.6397

350.0

3.6096

76.0
1.9688

CARBON

CARBON

LITHIUM
LITHIUM

0.95136

GERMANIU
GERMANTIU

0.07188

BORON
0.56224

2.0

2.4993

3.3306

2.4512
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APPENDIX 2. LabHPGe.inp (FLAIR INPUT FILE)

ASSTIGNMA
ASSIGNMA
ASSTIGNMA
ASSIGNMA
ASSTIGNMA
ASSTIGNMA
ASSIGNMA
ASSTIGNMA
ASSIGNMA
ASSTIGNMA
ASSIGNMA
ASSTIGNMA
ASSIGNMA
ASSIGNMA
ASSTIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
EMF
*EMFCUT

1.0PROD-CUT

EMFFLUO
EMFRAY
IONTRANS
*USRBIN
*USRBIN
100.¢&
DETECT
DETECT

* Set the
RANDOMIZ

* Set the number of primary histories to be simulated in the run

START
STOP

BORON
BORON
BORON
GERMANTIU
GERMANTU
GERMANTU
GERMANTIU
BORON
GERMANTIU
LITHIUM
LITHIUM
LITHIUM
LITHIUM
LITHIUM
ATIR

AIR

AIR

AIR

AIR

1.
1.
OPTIPHOT

10.
-20.

0.0
0.0

1.

1181500.

BOROUT2
BOROUT3
BOROUT4
GE1l

GE2

GE3

GE4
BOROUTS
GES
LITHI1
LITH2
LITH3
LITH4
LITHS
HOLE1
HOLEZ2
HOLE3
HOLE4
HOLES

GERMANIU
GE1l

ENERGY
0.0

1E-9
GE2

random number seed

GE5

-21.
-20.

1.024E-3
GE3

20.
100.

GE4

LITHIUM

42.0
100.

1.
GES

20.

GE1l
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