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SUMMARY

The work in this thesis extends the applications of the Electric Potential Sensor (EPS) de-
signed by the Sensor Research Technology Centre. Combined is work undertaken in two
areas related by their application in security systems: low-field nuclear magnetic reso-
nance with electric-field acquisition, and particle detection for alpha, beta and neutron

radiation. In both these areas the EPS is used as to acquire signals.

The first half of the thesis consists of the work undertaken to design a low-field Nuclear
Magnetic Resonance spectrometer to detect drugs and explosives. In doing so, the use
of the electric field detection technique - patented by Sussex University - is extended to
low-field NMR work. The eventual negative results in this field lead first to the design of
a simpler proton magnetometer apparatus, a design which would confirm the use of the
EPS at low frequencies, and eventually to a change in direction of the research: particle
detection. Detailed in this first section are a theoretical explanation of NMR in chapter 2,

and a chapter covering the design and testing of the equipment in chapter 3.

The particle detection part of the thesis covers modifications made to the EPS in order to
detect particles and experiments conducted to confirm their operation. As in the NMR
section, the work is split into a theory chapter which underpins the work, providing con-
text for the experiments chapter. Chapter 5 covers the detection of alpha, beta and neutron
radiation and the use of feedback to control the RC time constant of the front end of the

Sensor.

The work in this thesis concludes negative results in the NMR area, but proves the EPS

particle detector as a viable, cost effective alternative to conventional detectors.
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Chapter 1

Introduction

1.1 Introduction

On-going advances in manufacturing processes precipitate the design of ever higher spec-
ification integrated circuits. The advent of field effect transistor operational amplifiers in
particular has led to the design of the Electric Potential Sensor (EPS) by researchers at
Sussex University Sensor Technology Research Centre. The work collected in this the-
sis is part of the continual research into the design and applications of the EPS, research
which produces tools for measurement in such disparate fields as medical, security and

forensics.

This thesis aims to address two aspects of security systems, although the research con-
tained may have implications in many fields besides. The first half of the thesis covers
work undertaken to use the EPS sensor to detect low-field NMR signals. NMR has for
decades been an important tool in drug detection; providing a method by which the
molecular structure of compounds can be analysed. In recent years interest in a lower
energy, more portable variant of the NMR technique - low-field NMR - has grown, with
much research directed toward the discovery of drugs and explosives. A key factor in
the design of such systems is preservation of the inherently low signal levels. The EPS
sensor has previously been shown to detect high-field NMR signals with higher signal-

to-noise ratio than traditional magnetic detection systems. This thesis aims to extend this
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research, addressing the design of a low-field NMR system with EPS electrometer signal

acquisition.

The original mandate of the thesis was to investigate NMR systems for the detection of
drugs and explosives, although unsuccessful results in this field ultimately lead to the
more fruitful research of the EPS as a particle detector. The need for modern, rugged,
low-cost particle detectors is - along with NMR detection systems - prescient in the field of
security, recent world events having tightened security in public spaces. The second part
of this thesis proves the EPS to behave as a particle detector capable of detecting alpha,
beta and neutron radiation. The performance of the EPS makes it a viable alternative to
other more complicated, expensive systems and provides the basis for much further work

on the subject.

1.1.1 Short History of Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a phenomenon which enables non-destructive test-
ing of materials. NMR is used to analyse and identify materials and forms the basis of
Magnetic Resonance Imaging, a technique in which data from many NMR scans are com-
bined to image the inside of complex samples, most often used in medical imaging and
diagnosis (magnetic resonance imaging - MRI). The process of NMR is analogous to the
technique of finding the acoustic dispersion characteristics of a room. A stimulus is pro-
vided to give the system energy and then the response is captured. In the case of acoustic
dispersion an impulse is provided by a transducer and the reflections are recorded in the
time that follows. In NMR the stimulus and response are less tangible: electromagnetic

waves - rather than sound - excite a sample and are measured in response.

Figure 1.1 shows the basic NMR set-up. A sample sits inside a coil which forms part of
a resonant circuit. The coil and the sample sit inside the field from a static DC magnet.
An RF field is applied by pulsing the resonant coil at the resonant frequency. The pulses
are timed to produce the free induction decay response where the magnetic moments
inside the sample align and precess in unison. This magnetic oscillation is detected with

a magnetic pick-up coil, often the same coil as used to apply the RF energy.
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Ficure 1.1: The NMR experiment. The sample tube sits inside the magnetic field from
a static magnet and excited by the energy through the coil. This induces a oscillating
magnetic moment in the sample.

Much of the pioneering work on NMR was conducted in the early 20" century, when tech-
niques were devised to test the properties of atomic particles. Quantum theory was in its
infancy and providing promising explanations of absorption and emission phenomena
defined by Kirchoff and Planck. The technique came about incrementally; the first experi-
ments to explore the properties of charge and magnetism in particles prompted techniques
to verify the existence of nuclear magnetic moments [1]. In 1936 Gorter and Broer [2] con-
ducted a (non-functioning) experiment into the resonance property of particles with spin
in magnetic fields. In 1936 Rabi became the first person to observe the phenomenon of
nuclear magnetic resonance [3]. Purcell, Torrey and Pound [4] detail a functional contin-
uous wave experiment the same year. The continuous wave experiment detects changes
in the magnetic susceptibility of a sample. The signal-to-noise ratio of the obtained signal
is very low and it cannot be used to study the decay effects (T; and T effects) associated

with free induction decay (FID) signals - the signals studied in modern day NMR.

In 1946 Bloch [5],[6] and Purcell [4] outlined the basis of the modern day pulsed NMR
technique, which differs from the continuous wave experiment in that a short pulse of RF
energy is used to precipitate an oscillating magnetic moment inside the sample (an FID),
observed directly by a magnetic pick-up coil. Also outlined in these Bloch papers were
the mathematics which have been used extensively to interpret NMR. The pulsed NMR

experiment uses a permanent magnet to provide a static magnetic field, causing nuclear
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magnetic moments to align. The resultant moment is very small and much effort is taken
in the design of the equipment and how the experiment is carried out to preserve the tiny
signals. The pulsed NMR technique improves the signal-to-noise ratio and allows FIDs to
be analysed via the Fourier transform to determine samples by their frequency spectrum.
It was some time before this practice was common-place: the poor field homogeneity
of magnets prohibited detailed spectra and it would also be some time before enough
data was gathered to recognise NMR signatures. By the 1950’s techniques were being
developed to enable determination of the T; and T, times - these terms are given to various
factors which affect the decay time of FIDs and are indicative of properties of the sample.
The spin echo described by Hahn [7] is used to re-phase the NMR signal, separating T,
and T, effects and mitigating the effect of poor magnetic homogeneity somewhat, leading

to better signal-to-noise ratio.

The later half of the 20th century refined the NMR equipment significantly while the tech-
nique changed little. The use of NMR became a mainstay in testing of materials, capable of
determining the chemical composition of samples without the need to reduce them with
chemicals. The advances made in the field were related to the performance of the equip-
ment used - improvements in magnet homogeneity gave rise to highly sensitive NMR sys-
tems capable of obtaining detailed chemical spectra in materials, and MRI - a technique
where many NMR scans are performed with complex perturbations in the applied field,
producing information about the distribution of isotopes but also their position in a sam-
ple. As of 2014, MRl is the foremost medical diagnostic technique. Both NMR and MRI
are incredibly useful tools but high quality NMR relies on exquisitely sensitive measure-
ment equipment, super-cooled magnets and extensive calibration and as such is reserved
for well funded institutions with experienced staff on hand to manage them. Research
in the field continues to drive NMR magnets to further extremes of homogeneity - pro-
ducing ever stronger, more homogeneous magnets capable of producing more detailed
spectra and better signal-to-noise ratio (One example of a high field spectrometer is that
belonging to the centre for high-field NMR, having a 1 GHz frequency, corresponding to
a magnetic field strength of 23.5 T [8]) but also sees funding devoted to the study of other
particles such as quadropoles and electrons [9],[10]. What drives all of these techniques

is the desire to gather information about ever finer spatial resolution and more difficult to
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measure phenomena.

Ficure 1.2: The NMR-mole, an example of a small scale NMR system that can be used for
portable NMR work. [11]

Ficure 1.3: The 900 MHz spectrometer at the Universitdt Diisseldorf. An example of one
of the larger NMR spectrometers that require special facilities and constant maintenance.
[12]
The work in the first part of this thesis concerning NMR is a far cry from the high-tech engi-
neering needed to produce late 20" century NMR spectrometers. Instead, the work takes

a different approach - attempting to measure NMR spectra in low fields. The technology

used in comparison to laboratory spectrometers is minimal and lightweight but produces
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far inferior signals (the inherent problem with low-field NMR is that of signal-to-noise ra-
tio, which declines with the DC magnetic field). Contrast the 900 MHz spectrometer at the
Universitdt Diisseldorf requiring a specially designed facility and full time staff to house
and maintain it (figure 1.3), with the NMR-mole - a 3.3 MHz, a low resolution NMR sys-
tem approximately 25 cm wide (figure 1.2) [11]. The NMRmole cannot hope to provide as
detailed spectra or as high signal-to-noise ratio, but can offer portable medical diagnostics
[13]. In recent years, research into so called "miniaturised" NMR has grown considerably
[14] and typically focuses on the design of portable or low field magnets, or of high per-
formance NMR and MRI in low-field strengths. Typically those researching the former
will use magnetic pick-up coils for signal detection[15][16], whereas those researching
latter will use cryogenically cooled quantum interference devices (SQUIDs) in laboratory
conditions [17],[18],[19]. However, this is not the only way to improve the signal-to-noise
ratio of the signal. Aydin [20] showed that the detection of free induction decay signal
was possible by detecting the electric field associated with the time changing magnetic
field, the resulting signal having improved signal-to-noise ratio. The method is patented
by Sussex University on behalf of the Sensor Technology Research group. The Electric Po-
tential Sensor (EPS) gives better signal-to-noise ratio than magnetic pick-up coils without
the prohibitive cost and practical considerations of super cooled devices. Consequently
it might become possible to conduct low-field strength experiments with the electric field
detection technique and obtain better signals than are traditionally possible, paving the
way for improved mobile NMR systems capable of on site tests to detect drugs or explo-

sives [21], [22].

The research in this thesis focuses on expanding the work started by Aydin. As the EPS
sensor is proven to enable better signal-to-noise ratio than that of traditional magnetic field
detection, this will enable better low-field NMR systems. The additional use of pulse se-
quences such as the CPMG sequence can be used to mitigate the effects of low-field homo-
geneity. A low-field NMR system that combine both electric field acquisition with pulse
sequencing is hitherto unknown. The original mandate of the thesis was as a method of

detection for explosives in hidden cavities.
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1.1.2 Short History of Particle detection

This thesis also covers the design and testing of modifications made to the EPS to tailor it
to the purpose of particle detection. This design branches into two area: a charged particle
detector similar to an ionisation chamber and a neutron detector which utilises a converter

layer to convert neutrons into charged particles which are then collected.

Like NMR the roots of particle detection can be traced back to the late 1800’s and early
1900’s, when much research was devoted to understanding radiation and the structure
and properties of atoms. Some of the earliest ionisation chambers were built in the late
1800’s by the Curies during their research into radioactive materials. Ionisation chambers
are the most common type of particle detector and many of the modern types of detector
can be understood by extending their principle of operation. Figure 1.4 shows a schematic
ion chamber, incident particles ionise air molecules between the plates creating electrons
and positively charged ions. A voltage applied to the cathode produces a field between it
and the anode which separates the positive and negative charges, moving them in either
direction. The movement of electrons causes a voltage over R and C which is measured

and the rate of incident particles inferred.

The theoretical basis for gas particle detectors was laid by Rontgen who discovered in 1895
that air conducts electricity when irradiated with x-rays. J.J. Thompson investigated and
analysed the conduction of ions in gasses, forming the theory on which much later anal-
ysis is based [23]. Early ionisation chambers were used along with fluorescent screens,
radioactive plates and gold leaf electroscopes. Visually based detection systems, i.e. the
spinthariscope and cloud chamber used mediums which interacted with particles, en-
abling researchers to see the arrival of individual particles but relied on the counts being
recorded manually. In contrast ionisation chambers are used to measure high rates of ir-
radiation, but were not used to detect the arrival of individual particles until much later.
Later detectors adapted the ionisation chamber but used high voltages, such as the Geiger-
Miiller detector, designed in 1928, in which the voltage applied between the plates is much
higher and causes gas amplification. This causes a very high output at the arrival of a par-
ticle, which enables individual counts to be recorded. Such detectors cannot be used for

high rates of irradiation and cannot distinguish between the energy of incident particles.
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FIGURE 1.4: Simple ionisation chamber. The dashed box represents an enclosed region of
gas over which an electric field is created by voltage applied between the plates. Charges
move toward either plate and are measured by an electrometer attached to V ;.

The proportional detector, working in a voltage region between the saturation and Geiger-
Miiller regions, was designed in the late 40’s. It is less sensitive than the Geiger Miiller,
able to distinguish between particles but still largely unsuitable for high irradiation. These
two types of detector are referred to as "pulse mode" detectors, whereas ionisation detec-
tors are referred to as "current mode" or "integrating" detectors. Pulse mode detectors will
detect individual particles - pulses - of radiation. Current mode detectors produce a DC
level proportional to the rate of ionisation inside the chamber. Pulse mode counters might
be used for detection and determination of particles, current mode ionisation chambers
to determine energy and activity of a source. One notable development in pulse mode
detector design is the Frish grid (1944 [24]). This grid enables better measurement of indi-
vidual particles by shielding the detection equipment from the initial ionising event, and

is also used with solid state detectors to achieve the same purpose [25].

Ionisation chambers do appear in modern research [26], along with proportional and
Geiger-Miiller detectors, [27] [28], as they present a robust and often cost-effective way

of measuring radiation for general measurement devices. When measuring high energy
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radiation, ionisation chambers are often used as they are more robust than modern solid

state detectors -

"In contrast to solid state detectors gas-ionization detectors are not affected by radiation damage

due to heavy ion bombardment "[29]

Hence gas based ionisation detectors are frequently used [30], for measuring radiother-
apy beams [31], for x-ray absorption spectroscopy [32], or to measure beam losses in par-
ticle accelerators [33]. Depending on the application, chambers might employ gridded

designs. According to Steinmeyer -

"G-M (Geiger-Miiller) detectors can be found in virtually all facilities where radioactive materials
are used, from commercial nuclear reactors to hospitals and from research institutions to machine

shops”[34]

The theory which underpins particle detection is also covered in this thesis (see chapter
4). Thompson’s 1899 paper [23] describes the equations which govern the movement of
ions through air. They are insoluble without some simplification and there are numerous
attempts at deriving solutions with simplifications or by addressing only part of the be-
haviour, notably by Mie [35], Seeliger [36] and Townsend [37]. Boag and Wilson’s analysis
of the behaviour of ionisation chambers [38] is a more recent paper freely available in En-
glish that examines the behaviour of parallel plate ionisation chambers at high ionisation
intensity. Sprinkle and Tate’s 1965 paper [39] discusses the same phenomenon in cylin-
drical and circular chambers. Further work by Rosen and George [40] and Bielajew [41]
focuses on an explicit solution for the enter saturation curve, neglecting the space term of
Thompson’s paper. Boag and Wilson’s paper ignores the space charge term and focuses

on the saturation region.

1.1.3 Neutron Detection

Neutrons have no charge and consequently neutron radiation does not ionise. Various de-
tector designs - recoil detectors, Bonner spheres, scintillation devices - all work in roughly
the same manner as the ionisation chamber by converting the energy of the incident par-

ticle into a different type of particle which is then measured. In neutron detectors the
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converter material must be specially chosen to stand the most chance of interacting with
an incident neutron, a process called "absorption". Absorption occurs when a neutron
collides with other particles, creating a variety of decay products. Usually gamma rays,
charged particles and neutrons are created in the process of absorption and there are dif-
ferent detectors which operate by detecting different particles - scintillation devices detect
the gamma products whilst recoil detectors work by detecting charged particles. Tech-
niques to maximise the collection of the particles are often used - reflectors for scintillation

detectors or a field applied over the converter to repel or attract charged particles.

The first documented scintillation device was the Spinthariscope, documented in 1903 by
William Crookes [42] and consisted of a zinc sulphide screen which fluoresced in response
to radium decay. In 1941 Krebs described the photon-tube scintillation counter which
would electronically count scintillations [43], automating a previously laborious process,
and in 1944 Curran and Baker invented the first photomultiplier scintillation counter [44].
These two designs became the standard types of scintillation detectors for decades. Mod-
ern scintillation devices often use solid converter layers, and might combine a converter
layer with charge-coupled detectors (CCDs) [45] or photo-diodes [46]. Liquid [47] and

crystal scintillators [48] are often used.

The research in this thesis details a type of detector most similar to a proton recoil detector
- these detectors measure the positive charge created when neutrons are absorbed. Other
types of proton recoil or charge based neutron detectors are documented in scientific lit-

erature [49], [50] but scintillation detectors are far more common.

The EPS particle detector - using either a grid to separate charges or a converter layer for
neutron detection - is a simple, rugged design that does not use large amount of expensive
converter materials and has no moving parts. The sensor offers control over the capaci-
tance and can be engineered to fit into very small spaces, requiring only enough space for
an electrode, while the accompanying sensor technology has been integrated to fit on to

a chip measuring only 1 cm? (see figure 1.5).
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FiGURE 1.5: Plessey semiconductor have integrated the EPS into a 1 cm? chip, shown here
on the right compared to a five pence piece. Sensors using the EPS technology can be
made very small and robust.

1.1.4 The Sussex EPS sensor

The Sussex Electric Potential Sensor was designed to replace the existing sensors used in
the Sussex Sensor Technology Research Centre - which were super-cooled quantum inter-
ference devices (SQUIDs). These SQUIDs detect very small magnetic fields but require
cryogenic cooling and are therefore very expensive. The first EPS sensors were designed
to detect the same signals but by detecting the electric field associated with time changing
magnetic fields. EPS sensors can also detect DC fields, replacing the need for devices like
the field mill [51]. Since its inception the EPS design has been adapted mainly to detecting
physiological signals such as ECG [52], EEG [53], EMG [54] and EOG [55]; materials test-
ing [56]; nuclear magnetic resonance [20]; quadropole resonance [57]; and static charge

sensing [58].

The EPS is often regarded as a perfect voltmeter - measuring voltages whilst drawing ef-
fectively no current from the source. This enables the measurement of signals that would
otherwise be loaded and attenuated by the measurement equipment. Figure 1.6 shows a
schematic interpretation of the design of the EPS. The sensor is most commonly AC cou-

pled via a high impedance electrode, but further high input impedance is made possible
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Ficure 1.6: Generic EPS sensor topology. A bias current path is provided by a high resis-
tance path to ground. Positive feedback is used to reduce the capacitance of the front-end,
which prevents attenuation of signals.

by FET input op-amps which require very small bias currents (some of the sensors de-
signed in this thesis use the OP657 op amp which requires only 2 pA of bias current [59]).
A bias resistor is provided to ensure this bias condition is met and also that charge de-
posited on the front end of the sensor has a discharge path, making the EPS stable where
many other electrometers would rail. The resistor can be in the order of tera ohms. As
well as careful choice of op-amp, bootstrapping is used to boost the impedance of the front:
the voltage over the input impedance is minimised by applying positive feedback, making
the input resistor seem even higher in resistance without interfering with the bias current.
The second feedback technique involves the use of neutralisation: as the sensor is often
capacitively coupled, the coupling of the electrode forms a capacitor which in turn forms
a capacitive voltage divider with the parasitic capacitance of the sensor. Sensors must be
designed using op-amps with small input capacitance, but further reduction of the para-
sitic input capacitance inherent in the circuit layout is minimised by applying feedback to

minimise the capacitance (neutralisation) [60].

Previous research with the EPS has typically focused on the detection of electric fields
[61],[62],[55] but as a particle detector the EPS detects the presence of charged particles
on the front end of the sensor. This is made possible by the extremely high resistance
(=20 G1?) of the front end. It is the exceptional sensitivity to charge that makes the sensor
useful for detecting what is referred to as ionic currents - currents created by the move-

ment of free electrons. These are currents are typically very small (=~ fA) and require very
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high impedance equipment (> G{2) in order to detect them. The feedback techniques
traditionally used in the EPS can be used to broaden the bandwidth of the sensor, which

enables the detection of individual particles.

1.2 Thesis Breakdown

e Introduction - this introduction.

o Theory of Magnetic Resonance - theory which underpins the NMR experiment is dis-
cussed. This chapter is included to provide the relevant theory upon which the NMR
section of this thesis is based. Consequently much of the information concerns the
classical physical interpretation of the experiment. The chapter discusses the exis-
tence of magnetic moments on an atomic level, then explains how these create para-
magnetic moments and how these moments are manipulated to create a precessing
macroscopic moment. The chapter discusses the various different techniques that
exit for studying nuclear paramagnetism and gives a short appraisal of their vari-
ous benefits and shortcomings before discussing the pulsed NMR technique - the
technique used in this thesis - and outlining the various different parts of the exper-
iment and what they do. This leads to the introduction of NMR spectroscopy being
introduced. The last section in the chapter gives a short explanation of the particular

design considerations for the EPS sensors designed in the NMR research.

o Design of the NMR experiment - This chapter discusses the custom made apparatus
designed to capture NMR signals with the EPS in low-field conditions. Tradition-
ally magnetic field detection is used to capture these signals, here the experiment
designed uses both magnetic pick up coils, first at 1.84 MHz on a previously exist-
ing system, then at 48.5 kHz to test the operation of the system, before the patented
electric field detection technique is implemented. The work by Aydin [20] is used
as a basis for the design. It was intended that both of these methods could then be
compared for differences in signal to noise ratio, but eventually the low-field NMR
work was not successful. The chapter is composed of design criteria and measure-
ments of the various parts of the system - setup built to test low-field NMR uses a

Helmholtz coil to apply the static DC field, relevant signal amplification to drive the
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system, a custom made tank circuit with and provisions for damping and operating
the system via a commercially available, computer operated computer system - the
ISpin NMR. A short section on the successful system testing at high frequency with
single pulse and CPMG pulse sequences is included. Discussions of the potential

reasons for the ultimate failure of the system are made.

e Particle Detection Theory - Theory of particle detection, this chapter serves to under-
pin the experimental design of the particle detection experiments. The basis for
the research is the design of an EPS modification which allows the operation of the
chamber in the same fashion as a traditional ionisation chamber. The operation of
the ionisation chamber is covered extensively, as well as the mechanisms of con-
duction in gasses. It covers the different types of detector behaviour and secondly
Boag and Wilson’s theoretical treatment of saturation. Also outlined is the theory
of neutron detection, which relies on the selection of appropriate converter mate-
rials to convert incident neutron energy to charge. The mechanisms which allow
this conversion to take place and the criterion for selection of a converter materials
are discussed. The chapter ends with a short section detailing the particular design

requirements for the EPS as particle detectors.

o Experimental Design and Results - This chapter documents the design, results and
analysis of experiments conducted to characterise the behaviour of the EPS as a par-
ticle detector. Detailed in this chapter is the direct detection of alpha and beta par-
ticles, detection of ionic current produced by alpha particles in air (analogous to a
traditional ionisation chamber), manipulation of rise and fall times by the use of
teedback and neutron detection conducted with appropriate converter layers on the
front electrode. The analysis of the results introduces some new theoretical ground

in order to explain some of the anomalous effects observed in the results.

e Conclusions - Conclusions of the thesis. Reflections on the work undertaken and

scientific method, and idea for new areas of research.
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Chapter 2

Theory of Magnetic Resonance

This chapter will explain the theory behind the NMR technique and the reasons for its
occurrence, in order to provide a basis for the next chapter which covers design of an
NMR experiment. Also covered is the pulse sequencing often used in NMR spectroscopy,
brief explanations of the continuous wave experiment, the proton magnetometer and a
comprehensive breakdown of the pulsed NMR technique which discusses each part of
the experiment and Fourier transform NMR. The chapter ends with a section outlining

the design criteria for EPS electrometers in the e-field NMR experiment.

2.1 Nuclear Paramagnetism

NMR is the interaction of an externally applied signal with nuclei which exhibit param-

agnetism in the presence of a magnetic field.

21.1 Spin and Magnetism

Magnetism is created by the movement of particles with charge. When electrons con-
duct through a wire a magnetic field is created, but fields are also created by the intrinsic
property of spin which causes particles to have some angular momentum. Spin is a fun-
damental property of quarks, the subatomic building blocks that constitute particles and

the amount of spin all types of quarks have is defined as 1/2 (table 2.1 [63]) shows different
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quark properties). Different quarks pair together to form larger particles like the proton
and neutron, and spins or charges can be cancelled out. Figure 2.1 shows how quarks
pair to form the proton and the neutron (the electron is a fundamental particle) - all have
spin, but the neutron has no charge. When neutrons and protons combine to form nuclei
their spins often cancel due to the way they pair together. Consequently, around a third
of isotopes have non-zero spin [64, p.2].

TasLE 2.1: Quark properties

Quark Spin Charge Mass

up 1/2 +2/3 1.7-3.3MeV
down 1/2 -1/3  4.1-5.8 MeV
charm 1/2 +2/3 1270 MeV
strange 1/2  -1/3 101 MeV

top 1/2 +2/3 127 GeV
bottom 1/2 -1/3 4.19GeV

Most forms of magnetism are created by the orbits of electrons, but nuclei that have non-
zero net spin also create small fields - where the moment of the nuclei is parallel to an ap-
plied field. Nuclear paramagnetism is the name given to this effect. Paramagnetic fields
are much smaller than those associated with electrons and differentiating between them
and other forms of magnetism is difficult. However, the NMR technique uses electromag-
netic radiation to interact directly with paramagnetic moments generated by the nuclei of
spin-exhibiting isotopes.

Neutron Proton
up up

down

Electron

charge = -le
spin = 1/2

charge = +2/3-1/3-1/3 =0 charge = +2/3 +2/3-1/3 = 1e
spin =1/2 +1/2 +1/2=11/2  spin=1/2+1/2 +1/2=11/2

FiGure 2.1: Quark composition and characteristics of the neutron, proton and electron.
NMR can be performed on elements with both charge and spin. [63]

Spin refers to the angular momentum of a particle or nucleus: a body with spin is turning
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around a central axis. In a body with non zero spin, finite charge and mass create a mag-
netic moment defined by a vector p (see fig 2.3) and angular momentum, parallel with .
The magnetic moment is measured in nuclear magnetons and is given by

p=g5 -1 (2.1)
m

I = spin (dimensionless)
e = charge of the particle (eV)
g = nuclear g factor (dimensionless)

m = mass of particle (kg)

2.1.2 Zeeman Splitting

If a particle with spin of { - and a magnetic moment 4 - is placed in a magnetic field B,
there are two different positions which the particle can assume: either p is parallel to, or
anti-parallel to B. The orientation that it will take depends on the energy of the particle.
The lowest energy position is with p parallel to B: +1/2 orientation, and the highest energy
orientation is when p and B are anti parallel: -1/2 orientation. If the particle is to change
orientation, it needs to either lose or gain energy. The energy difference between these two
states is proportional to B. Particles often have spin numbers of greater than 1/2, which
affects the amount of states the particle can be in. If the spin is I, the amount of possible

orientations in relation to spin number is
21 +1 (2.2)

Therefore when a nucleus with I=11 is influenced by B there are 4 orientations it may take.
As a field By is increased, a particle with a spin of 1/2 which sits inside that field aligns
itself in one of two states: 1/2 or -1/2 (represented by the two dashed lines) this can be
thought of as whether the particle is aligned or opposed to the field and depends on how

much energy the particle has. This quantisation of states is called Zeeman splitting and
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is pictured in figure 2.2. The difference in the energy levels is equal to

ho = _’;BO (2.3)
A
- m=1/2

> - =

a0 _ - -uB

2 < AE — hy — 0

= ~ - I

M -~

BN m=-1/2
B=0 Applied Magnetic Field

FIGURE 2.2: Zeeman effect - splitting of a particle with spin 1/2 in the presence of a mag-
netic field. As the field By increases, so does the energy difference between the states.
[65]

2.1.3 Thermal Equilibrium

A substance at room temperature has thermodynamic energy. Consequently when a ma-
terial with spin exhibiting nuclei sits in a magnetic field the distribution of spin states
is roughly equal parallel and anti-parallel, but there is a very small imbalance between
them. If the temperature were reduced to absolute zero all spin states would be in the low
energy position producing an overall magnetic moment. As the strength of the magnet
increases the energy needed to produce an anti parallel state also rises and the number
of moments in the low energy state increases, giving rise to a net magnetic moment. For
a sample at room temperature the vector My is used to refer to the thermal equilibrium

paramagnetic moment.
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2.1.4 Larmor Precession

The most common example of precession is the motion of a spinning top when it starts to
fall: the angular momentum vector rotates around the field of gravity vector. This happens
because gravity presents torque on the top but the angular momentum resists the force of

gravity, slowing the return of the top to equilibrium. Precession is important in NMR as

Precession

Cone
Magnetic

Moment
A

FI1GURE 2.3: Precession of particle around the field B creating magnetic dipole. The mag-
netic moment y precesses around an externally applied field denoted by By, forming a
precession cone [66]

the same effect occurs on a microscopic level to the individual nuclear magnetic moments
p precessing in an applied field, and on a macroscopic level - electromagnetic radiation is

used to supply torque to the magnetic moment 1, causing it to precess.

An applied field By will produce an angular acceleration on the magnetic moment, caus-
ing it to precess. The orientation of the central axis around which the body spins moves
in a circle when precessing, this is the precession cone or precession orbit (see figure 2.3).
The magnetic moment and angular momentum vectors point in the same direction, but
rotate around the field at an angle. The ratio of these two vectors is called the gyromag-

netic ratio ~.

v =p/Ih (24)
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This ratio determines an important factor in NMR: the frequency of precession, or the
Larmor frequency. From equation 2.1 particles with a larger mass have lower magnetic
moment hence the angular acceleration on them is smaller and their precession frequency

lower. From [67, p.6], the Larmor frequency wy is equal to

wo = —7Bo (2.5)

(the negative sign here is a mathematical construction to indicate in which direction the

moment is precessing)

2.1.5 Free Induction Decay

When considered on a macroscopic scale, the sum of all the nuclear magnetic moments
individually precessing at wy will create a moment M in the direction of an applied field.
The orientation of M can be changed and caused to precess by applying a torque which
is the same frequency as and perpendicular to Bg. Over time M will precess back to its
original position. This effect is achieved by using electromagnetic radiation to supply the

torque. The precession of M around z is called free induction decay (FID).

The quantum interpretation holds that as the movement of individual magnetic moments
transition between Zeeman energy levels M changes orientation. By combining eq. 2.3
with 2.4 gives 2.5, meaning that a wave at the frequency of precession is exactly the amount
of energy needed to transport moments between Zeeman levels. This wave is "pulsed"
for a short amount of time, during which moments gain energy and move to the next
energy state. When they move back they give out photons at the same frequency, causing

a measurable electromagnetic signal.

Figure 2.4 1.a) shows the path that M takes when a field parallel with the z axis is used
to polarise the nuclear spins, generating the moment My also parallel with z. The field
Hj is a time varying electromagnetic field with frequency wg. When Hj is applied M
twists round the z axis. 1.a) shows the movement in 2d, showing the component vectors
M, and M., in this 2d view M moves around the x until parallel with y. 1.b) shows the

same movement in 3d, showing the movement M makes around the z axis. 2.a) and 2.b)



Chapter 2. Theory of Magnetic Resonance 21

4

AZ
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1.b)

FIGURE 2.4: Movement of the vector M during (figure 1) and after (figure 2) a 7\2 pulse.
Figures 1.a and 2.a show the movement in 2d, while 1.b and 2.b show the movement in
3d [68]
picture free induction decay. 2.a) shows movement limited to the z,y plane and 2.b) shows

the precession of M back to its thermal equilibrium M. The figures show the magnetic

pick-up coil around the y axis.

The movement of the M vector around the x axis (1) takes time. The longer the pulse
is applied for, the more M will move. It is logical to move M to the point where the
largest precession cone is seen. This point is when M is 7/2 radians from the x axis. The
movement of M in the x-y plane is called the transverse magnetisation vector M,. When

there is thermal equilibrium, M, is 0, an immediately after the 7/2 pulse, M, is at a
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maximum, and a pick-up coil oriented in the y axis will detect this vector. Pulses are

often referred to by the angle through which they move the magnetisation vector.

The behaviour of all spins inside a material - their position in relation to other moments
and how free they are to move - governs how magnetic or non-magnetic a material is.
Usually this concerns the electrons, while the nucleus itself has no net spin. Electrons are
more difficult to detect in NMR because of their high precession frequencies compared
to protons, NMR usually concerns itself with spin exhibiting isotopes. MRI equipment
most often detects water, the hydrogen isotope H? molecule being the most abundant

spin isotope.

2.1.6 T, and T, Processes

Immediately after a /2 pulse the magnetic moment of the sample is perpendicular to By.
M., will eventually decay to 0. Of the factors which vitiate M, there are two processes,

Ty and Ty, which are the most significant.

e Ty, or longitudinal relaxation refers to the relaxation of M from perpendicular to the
field By to parallel with it, representing a vector which grows along the z axis with

time. M, approaches My as t increases -

M, = My(1 — "/T1)[69] (2.6)

as discussed previously, the relaxation of the magnetisation vector is due to the spins

inside the sample returning to their thermal equilibrium.

o Ty: The field over the sample is not perfectly homogeneous: firstly, the distribution
of nuclear dipoles inside the sample causes a given nuclear moment to experience
varying magnetic field. Secondly, the magnetisation field By will always vary in
field strength. Both conditions cause moments to precess at different speeds. Over
time they de-phase and the signal is lost. The time the distribution of dipoles takes
to decrease My to 0 is called the Ts time, and the time taken for both effects to reduce

M., to 0 is the Ty” time.
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The effect of field inhomogeneity is undesirable in NMR but the decay caused by nuclear
effects can be analysed for information about the chemical structure of the sample, and
as such the measurement of T is the subject of much research [70], [71], [72]. A pulse se-
quence called a spin echo is sometimes used to reverse the effects of By inhomogeneities
which leaves the irreversible Ty decay visible. Where M, is the inital value of the trans-

verse magnetisation, M, approaches 0 as time increases -
Mxy = Mgy e t/"2[69] (2.7)

Varying fields cause nuclear moments to precess at different frequencies. To model this
effect it is assumed that inhomogeneities will even out over the body of the sample and
hence the distribution of precession frequencies is usually thought to be Gaussian or
Lorentzian, centred on the Larmor frequency. The internal magnetic moments can be
approximated by two vectors which represent the extremes of the curve, +/- a given pro-
portion of (w). These two vectors represent the two extremes of the Gaussian curve. When
viewed in a rotating co-ordinate scheme - where the frame of reference is rotating around

z at the Larmor frequency - the vectors diverge, weakening the overall moment.

When free induction decay is viewed in the frequency domain, the different Larmor pre-
cession frequencies inside a sample are evident (figure 2.5). These are referred to as Parts
Per Million shifts (parts per million refers to Hz shift / Larmor frequency). Due to unique
molecular composition substances exhibit signature shifts. These are used to identify sam-

ples in NMR spectroscopy.

2.1.7 Spin Echoes and the CPMG Sequence

The spin echo and CPMG scans (Carr-Purcell-Meiboom-Gill, after the pioneers of the tech-
nique) are variations on pulsed NMR where multiple pulses are applied to manipulate the
moments [74]. Spin echoes harness the de-phasing magnetic moments to produce a re-
peated "echoes" of signal. A series of pulses are used to "flip" the magnetisation vector
causing the moments to partially re-phase causing an "echo". Multiple pulses can be ap-
plied to produce a chain of echoes. This is useful when determining the T as the effect of

inhomogeneities in By are reversed, and the Ty decay envelope becomes visible in the time
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T T T
3.65 3.60 3.55 3.50 345  ppm

FiGure 2.5: A typcial NMR signature of glycerol. The plot is a frequency spectrum, the X-

axis represents frequency in terms of parts-per-million shift from the Larmor frequency

and the Y-axis represents relative intensity (%) of the frequency content. Parts Per Million
shifts are marked on each peak [73]

domain. The spin echo was first documented by Erwin Hahn [7] in 1950, later Carr and
Purcell [75] and Meiboom and Gill [76] used multiple 180° pulses to refocus the precession
(the sequence is referred to as a CPMG sequence) Figure 2.6 shows the pulse sequence and

resulting echo.

Tti? T T
I V MA/\f\MMMﬂ(\MM || >

Time

/\
|

~

Loop M times (CPMG Loop)

FiGure 2.6: The spin echo sequence. A 7\2 pulse is provided, and later after a time 7 a 7
pulse is used to re-phase the spins producing an echo at time 27, then at time 27 another
7 pulse may be applied [77]
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The spin echo works by applying a /2 pulse, then at a time larger than Ty” and smaller
than Ty a further 180° pulse. Figure 2.7 (a) shows the magnetization vector M along the
same axis as B o. The 7/2 pulse is applied, then at a time larger than T2” and smaller than
T, a further 180° pulse. (A) shows the magnetization vector M parallel with B (. The 90°
pulse is applied, generating a torque and turning M (B) until it is parallel with y (C). Here
the precession can be detected by a receiver coil. The Ty” processes de-phase the spins
(D) and at some time 7 a 180° pulse is applied, which flips the spins around the x axis
(E). Now the directions of the spins are reversed (F), and they gradually re-combine to

produce an echo (G). The spins then again de-phase (H).

Ficure 2.7: The different stages of the spin echo process are shown as different pictures
A-H in the rotating system of coordiates described by Bloch [75]

2.2 NMR Methods

The first investigations of nuclear paramagnetism were used to verify the existence of
nuclear magnetic moments [1] and by 1942 Gorter and Broer [2] were conducting a (non-
functioning) experiment recognisable as the early continuous wave experiment on solids
and Purcell, Torrey and Pound [4] detail a functional continuous wave experiment the

same year. In 1946 Bloch [5],[6] outlined a technique where free induction decay could be
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directly observed. Also outlined were the mathematics which have been used extensively
to interpret FIDs. The pulsed NMR technique has already been discussed extensively but

there are other, slightly different techniques also used to study nuclear paramagnetism.

2.2.1 Continuous Wave

The continuous wave setup is pictured in figure 2.8, a resonant circuit or tank circuit sits in
the field of a static magnet. This magnet supplies the field needed to polarise the nuclear
paramagnetic moments, but modulation coils are used to "sweep" the field. When the field
causes the nuclei in the sample to precess at the same frequency as the 30 MHz oscillator,
there is a small change in the magnetic susceptibility of the sample. The resonant circuit
is connected to a receiver via a matched coaxial cable. A lock-in amplifier is used to re-
duce the noise in the system and detect the NMR signal. This technique does not observe
FID but the change in magnetic susceptibility related to resonance. The continuous wave
experiment reveals limited information about the sample and it is also time consuming to

run. Much more information can be obtained from the pulsed NMR technique.

Dummy
Circuit - %
30 Mc 1/2)
t
generazor R.F. Bridge receiver detector 30 ~
lock in
——
M =
O O )
/7
resonant
circuit —p— magnet S
\,
modulation coils
30 ~
generator

Ficure 2.8: Continuous wave experiment. When a resonance is induced there is a small
change in the magnetic susceptibility of the sample, causing the impedance of the tank
circuit to change and the signal at the receiver to dip [78]
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2.2.2 Proton Magnetometer

The proton magnetometer is the simplest apparatus capable of detecting free induction
decay. The magnetometer uses the earth’s magnetic field to develop the thermal equi-
librium magnetisation and a coil positioned orthogonally to the Earth’s field to provide
the 90 degree pulse. The vector M aligns itself with the field and after a few seconds the
current through the coil is stopped, causing M to precess back to M. Because the Earth’s
magnetic field is used as the polarising field the Larmor frequency is low and the signal

detected is small, owing to the rate of change of flux through the pick-up coil

dd
V=-N— 2.

The paramagnetic moment M is also small due to the small field strength of the Earth

(=20 T), as the nuclear paramagnetisation is proportional to the applied field.

2.3 The Pulsed NMR Experiment

The work in this thesis is conducted on a custom made pulsed NMR setup. The setup is
tested with a magnetic pickup coil at wy=~1.84 MHz with the single pulse sequence and
the spin echo sequence. A free induction decay is induced in the sample by the pulse and is
mixed down to a lower frequency and stored in memory for analysis. The schematic of the
experiment is pictured in figure 2.9, a sample sits inside the inductor of a resonant circuit,
which sits in the magnetic field provided by a static magnet. The magnetic field causes the
spins to precess at a Larmor frequency and the tank is tuned to this frequency. The pulse
generator provides short bursts of energy at the Larmor frequency, filling the tank with
energy and causing an oscillating magnetic-field through the sample, which causes the
magnetic moment to change its orientation. During this phase the amplifier protection
blocks the signal from damaging the amplifier. Between pulses the tank is prepared to
detect signals - the blanking signal damps the tank circuit - "draining" the energy from it.
The sample recovers, creating an oscillating magnetic field of its own which is amplified
by the tank. This signal is mixed down by the quadrature detector and stored in memory:.

and the rest of this section will detail each part of the experiment in turn.
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F1GURE 2.9: Schematic diagram of the pulsed NMR experiment. The Pulse generator and
blanking control the experiment, while the detector, ADC and memory are used to ac-
quire the signals.

2.3.1 DC Magnet

A DC magnet provides the field which tilts the orientation of the moment inside the sam-
ple. The sample and tank circuit are situated inside this field. The energy needed to
change spin states is directly proportional to the magnet strength, which relates to a par-

ticular frequency through equation 2.5

The strength of the magnet therefore also dictates the speed of precession. The higher
the strength of the magnet, the better the resolution of the FID decay and the clearer the
resolution of any fourier transform NMR. The homogeneity of the magnet will also affect
the relaxation time of the sample. Higher precession frequencies also lead to higher signal
to noise ratios in the detected signal, as the signal induced in a coil is proportional to
the rate of change of magnetic flux. Research NMR magnets are often in the order of
Tesla, with values such as 4.7 T common. Design of the DC magnet is one of the biggest
performance-defining factors in the design and many of the improvements in NMR over

the past decades are due to the design of powerful homogeneous magnets.

The effect of inhomogeneity in the magnet can be considered either in the frequency do-
main or the time domain. In the time domain, the effect of magnet inhomogeneity is to
shorten the T, time. In the frequency domain the spectral peak due to the FID is broad-
ened, or rather the more homogeneous the magnet is, the more fine the resolution of the

FFT is, allowing smaller variations in the FID to be measured.
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2.3.2 Tank Circuit

The tank circuit is used for two purposes, to produce the excitation field Hy and also to
detect the free induction decay signal. In figure 2.9 the tank circuit is the arrangement
of the parallel inductor and capacitor in between the DC magnets. Additional circuitry is
used to prepare the tank between the pulse and read phases. Tank circuit refers to a induc-
tor and capacitor which when coupled together transfer energy between each other in a
manner analagous to a pendulum: if a signal is induced over the inductor at the resonant
frequency wy, charge will accumulate in the tank transferring back and forth between the
capacitor and inductor which amplifies the signal. Free Induction Decay signals are of the
order of micro volts and require extensive amplification. The reactance of the tank at wy is
high but either side of this peak reduces rapidly with frequency, attenuating background
EM radiation from the signal. wy is tuned by selecting the values of L and C, to match the

Larmor frequency.

In the pulse phase the tank produces a large (hundreds of volts) signal. The direction of the
magnetic field lines inside the inductor must be oriented orthogonally to By to produce the
desired torque on the magnetic moment. Between the excitation and read phase, charge
must be drained from the circuit in preparation for detecting the FID, the large movements
of charge involved would otherwise swamp the comparatively tiny FID signal. The charge
is drained by critically damping the circuit by means of a FET which switches for a short
time after the excitation cycle. Modern NMR experiments often use separate coils for
exciting the sample and detecting the signal; in this thesis the experimental setup was

validated with a single tank circuit for both.

2.3.3 Amplifiers and Filtering

There are two amplifiers shown in figure 2.9. The first is the power amplifier, used to
provide energy to the tank circuit during the excitation phase. This amplifier drives the

tank with the signal from the pulse generator.
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Amplification of the FID signal requires high gain and filtering. The signal levels need
to be amplified from the micro volt level without adding significant noise. There are dif-
ferent ways of achieving this: in high frequency systems RF amplifiers are used and the
system is matched to 50 2. This minimises noise and stops reflections which degrade the
signal. In this thesis the experiments are conducted at a low precession frequency and the
amplifiers are designed with low noise op-amps. The amplification is protected from the
excitation pulses by circuitry which prevents large voltages appearing at the front end of
the amplifiers. Filtering can be provided either by hardware or in software after the signal

has been digitised, this allows for fully automated control of cut-off characteristics.

2.3.4 Pulse Sequencing

| | . . |
pulse recover : acquire signal , Tecover sample

tank

————
I

time

Ficure 2.10: The pulsed NMR sequence. The pulse is used to excite the sample, after

which the tank must is "drained" of energy. In the acquire stage the signal from the tank

is detected, digitised and stored in memory. After the read stage there is a period of time
for any residual oscillation to fade.

The control of pulses and system timing is controlled by computer or some control unit
capable of producing controllable timed pulses to initiate various phases of the experi-
ment. The NMR experiment relies on careful timing to control the pulse sequence, the

damping required by the tank, the protection of the amplifiers and the signal acquisition.

For the one pulse experiment, a typical pulse sequence is pictured in figure 2.10
e pulse phase the signal generator emits the excitation signal, the blanking on the tank
stays off, giving the tank maximum Q and the signal amplifier protection is enabled.

e recovery phase the pulse generator is now off, the blanking for the tank is enabled and

energy drains from the tank. The amplifier protection is left on.
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e read phase the signal generator stays off, the blanking switches off maximising the Q
of the tank. The amplifier protection shuts off so that signals can be read, and the

ADC digitises the FID from the quadrature detector.

e recover sample A short time is allowed for the sample to recover from any residual
effects (T; is always greater than T, meaning that although the transverse magneti-

sation has died away, there still may be precession of groups of nuclear moments.)

2.3.5 Quadrature Detector

The quadrature detector is used to alter the frequency of the wave for computer analysis.
The detector mixes the incoming precession signal with a second signal, the output is
the difference in frequency between the two. The detector down-shifts the frequency of
the signal. Detection is necessary because precession frequencies are often in the MHz
range which causes problems with computer storage and analogue-to-digital conversion;
if the frequencies are shifted down then the ADCs needed to adequately convert the signal

become cheaper and the amount of memory needed to store the signals becomes smaller.

The operation of the detector is pictured in figure 2.11. Input signals are the signal (f,; )
and an operating frequency (f,s.). The outputs are sine and cosine, both are necessary
for correct reconfiguration of the input. If the input signal is 10 MHz and the detector
frequency is also 10 MHz, the output will be 0Hz - if the signal is a decaying sinusoid,
the output will shows only the envelope of the signal. Supposing that there was a 10 Hz
difference between w,, and Srrp, the output would be 10 Hz, but there would be no way
of telling if w,, was higher or lower frequency than Sr;p. This is the problem to which
the use of two outputs - sine and cosine - is the solution. When both are used together,
the phase information between the two can be used to indicate whether w,, is smaller or

larger than Sprp.

2.3.6 FFT Analysis

The signals from the quadrature detector are digitised and stored in memory. These real

and imaginary signals are used to generate a power spectrum through the use of a Fourier
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Ficure 2.11: The operation of a quadrature detector. The quadrature detector is useful
in experiments such as the NMR experiment, as it can be used to shift high frequency
signals to low frequencies in preparation for digitisation. [79]

transform. Inspection of the power spectral density reveals the frequencies present in the
data. This can be used to determine the molecular structure of the sample and is the basis
of NMR spectroscopy. A typical FFT can be examined for the signatures of materials and

the constituents of the samples can be determined.

Successive scans are often averaged by a computer to reduce noise. Averaging lowers the

noise floor of the signal enabling much smaller signals to be detected.

24 The EPS in NMR Techniques

In this thesis the EPS is used instead of the magnetic pick-up coil to detect free induction
decay signals, but the EPS is used to capture the electric field component of these signals
rather than the magnetic field. The existence of this signal is known from Faraday’s law

which states that time varying magnetic fields are always accompanied by electric fields.

VxE= o (2.9)

As free induction decay is a precessing magnetic moment, by Faraday’s law there exists

an associated electric field. The measurement of this field was verified by Aydin [20].
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In the pulse phase of the experiment a very large electromagetic field is present in the
vicinity of the electrode. Without precaution this pulse would destroy the front end of
the sensor, depositing enough charge to short the input gates of the op-amp. There are a
number of precautions taken to mitigate this effect to an operable level: the first involves
the use of a tuned trap, which will be covered later. The second is the use of gating in
order to protect the op amp. This gating can be provided by extra circuitry or there are

op-amps (for example the EL8100 [80]) that provide gated on-chip protection.

2.4.1 Noise

The NMR FID signal is very small ( ~uV) and diminishes further with low field strengths
(see eq. 2.3). The limiting factor when measuring very small signals is the noise floor,

hence the EPS sensors are designed for low noise performance.

There are multiple sources of electrical noise. These are caused by various factors which
affect the movement of electrons creating small, unpredictable currents. The main sources

of noise inside a circuit are -

e Shot noise is the name given to the fluctuations in voltage caused by the movement of
electrons. Since one electron has one electron volt, a voltage is the result of electrons,
individual pulses in the same place integrated to give a DC response. There will
always be a small deviation from the DC value caused by random movement of
electrons. Within semiconductors shot noise is larger because of the movement of

electrons through the silicon lattice.

e Johnson noise occurs as a result of random thermal motion of the electrons inside a
material. Johnson noise or thermal noise increases with temperature and resistance.

Its absolute value is given by [81, p.39]
v? = 4kTBR (2.10)

T = temperature (k)

k = Boltzman’s constant (dimensionless)
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B = system bandwith (Hz)
R = resistance ({2)

Hence large resistances generate more noise

e 1/fnoiserises at low frequencies. Op-amps are characterised with a 1/f corner, below
which the noise rises. Experiments in this thesis are conducted above the 1/f corner

of most op-amps, and the 1/f noise is not considered in the design process.

2.4.2 Low Noise Design

FET type op-amps are used in the EPS. The low bias current enables the design of sensors
which draw effectively no real current. Because of this high input impedance, shot noise

is dramatically reduced due to the very small amount of electrons moving through the

front end.
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FiGure 2.12: Noise in op-amp circuits. Electrometers for NMR must be very low noise,
and the above picture provides a useful reference when designing such circuits. Noise
sources are represented as current and voltage sources for ease of calculation. [59]

Noise sources in op-amp circuits are pictured in figure 2.12. This interpretation combines

various processes which create noise currents and voltages to give a convenient guide to
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a designer. Consequently the interpretation offers limited information about the sources

of noise.

Enr input voltage noise density

ERrg represents the Johnson noise in Ry

Ipn represents input current noise density. This value is multiplied by Rg to give a

noise voltage

the feedback resistor adds Johnson noise, represented by the term v4kTBR

e Ip; current noise, multiplied with the value of R¢; to give the noise voltage

Johnson noise in the feedback path is represented by the noise term in parallel with

Rg

EPS sensors are usually unity gain or x2 gain, making the noise from the feedback re-
sistors negligible. The 1/f noise is a consideration when working at low frequencies, but
as all experiments are conducted above the 1/f corner of most op-amps, the 1/f noise is
also negligible. The two noise factors of major consideration when designing the EPS are
labelled in fig. 2.12 as Eyx; and Igy - the two front end noise sources. Although Ipy in
most FET op-amps is orders of magnitude smaller than Ey;, when Izy is multiplied by
the front end resistance Rg - which is large for EPS sensors - the two figures often become

more similar. For example, an OPA827 op-amp is listed as [82] -

e input voltage noise density Ex;y =4nV/vHz

e input current noise density Igy = 2.2fA/vHz

Hence when Ry is of the order of M{2 the noise due to E 57 and Iz become the same order.
Omitting the effect of the feedback path, the total noise is calculated as the geometric mean

of the two front end noise sources -

total noise ey = \/EZQVI + (Ipy x Rg)?>  (V/VHz) (2.11)
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Because of this, the largest value of the noise tends to dominate and the second largest
becomes insignificant. If two-stage amplifiers are used, gain is applied at the first stage,

in order that the second stage noise will be insignificant in comparison.

2.4.3 Noise Testing

When testing the noise performance there are two useful tests to ascertain noise. In both,
the voltage spectral density of the output is calculated to give the V/+/Hz spectrum. To
test the total noise the amplifiers inputs are left open, giving a total picture of both En
and Igy (when the 1/f noise is considered, the corner frequency can clearly be seen on
a plot of the spectral density). The voltage noise can be tested by shorting the inputs of
the op-amp together - when an amplifier is used with one input referenced to ground,

shorting the inputs shorts the voltage generated over Rg, leaving En.
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Chapter 3

Design of the NMR Experiment

This chapter discusses the design of the apparatus used to capture NMR signals. Tra-
ditionally magnetic field detection is used to capture these signals, but in this thesis the
experiment designed uses both magnetic pick up coils and the electric field detection tech-
nique. Signals from both of these methods can then be compared for differences in signal
to noise ratio. The electric field detection technique was first described by Aydin [20] and
is patented by Sussex University on behalf of the Sensor Research Group and has been
shown to improve the signal to noise ratio of FID signals. This chapter aims to extend
that work by performing the same e-field detection at low magnetic field strengths where
the signal is low for two reasons: firstly, the magnetic moment created is proportional to
the DC field strength and secondly, the magnetic field detection technique further dete-
riorates the signal as the voltage induced over a coil is proportional to the rate of change
of the flux through it. The e-field detection system removes this second cause of noise
and can therefore be expected to improve signal-to-noise ratio. Also outlined is the use of
pulse sequencing and sophisticated signal averaging and acquisition using a commercial
unit - the ispin NMR. This extends the analysis of signals with the e-field detection system

by enabling simple NMR spectroscopy.
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3.1 Overview

The pulsed NMR experiment uses RF energy to excite a precessing magnetic moment
in a sample when it sits inside a static magnetic field. The RF energy is applied across
a resonant tank circuit, creating an oscillating magnetic field within the inductor of this
tank. The sample is placed in this region, and the magnetic flux passes through it. A larger
static magnet provides a DC magnetic field in which the tank and the sample are mounted.
The flux lines of this DC field are always at right angles to the RF flux in the inductor. The
RF energy is applied for a short amount of time, and afterwards energy is drained from the
resonant tank circuit ready for its use as a receiver coil. The precessing magnetic moment
induces a voltage across the coil. This signal is amplified and filtered to give a visible NMR
signal. The timing of the experiment is critical. The different phases of the experiment
occur in a very small space of time and each is important. Custom circuitry could be built
for timing the different phases of the experiment and generating control voltages, but for
the purposes of this test a commercial unit — the ispin [83] — was purchased. The ispin
generates the RF excitation signal and the control voltages needed to control the damping
of the tank circuit and amplifier protection for signal acquisition. It also offers full control
of the timing of these parameters by way of a Labview GUL In addition to this the ispin
captures and digitises signals, ready for useful data processing operations such as the
Fourier transform. In laboratory NMR experiments the DC magnetic field would usually
be provided by a large super-cooled magnet. These magnets are highly homogeneous and
very high field strength (=3T is typical), which gives good signal to noise ratio. Here the
magnetic field is provided by a Helmholtz pair. The static field which the pair generates is
much smaller (1.13mT at resonance) and consequently the FID signal is lower frequency.
After consideration of the range of field obtainable with the Helmholtz pair, an operating
frequency of 48.5KHz was selected. For a glycerine sample, this corresponds to 1.03mT.
The low operating frequency has has many practical implications for the design of the

experiment — the consideration of which will make up the bulk of this chapter.

Fig 3.1 shows a block diagram of the experiment. The magnetic field acquisition path is
represented by the blue line, the electric field by the red line. The labels in the figure are

as follows:
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FiGure 3.1: Schematic diagram of the NMR experiment incorporating both magnetic (blue
line) and electric field (red line) detection. Different parts of the experiment are denoted
by the numbered labels.

1. Ispin. The ispin produces TTL pulses for the control of the experiment, supplies a
2V peak to peak excitation signal at a chosen frequency from 0-100 MHz, receives
the signals from either the magnetic or electric field detection and amplifies those

signals by 60dB.

2. The output amplifiers. Needed for amplifying the signal from the ispin. The first
stage is a 10X voltage amplifier, the second is a power stage needed for driving the

tank circuit.
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3. The tank circuit. The excitation pulse is applied across the tank and the sample is
inserted inside the inductor. The tank sits inside the static DC field shown by the
horizontal blue lines. The damping of the tank is controlled by a FET which is gated

by the TTL pulses from the ispin.
4. The Helmholtz coil produces the DC field in which the tank circuit sits.
5. The electrometers are AC coupled to the sample on either side of the test tube.
6. This summing node represents an op-amp based differential stage.

7. The tuned trap takes signals from the tank in the receive cycle of the experiment.

The trap is gated by a TTL pulse from the ispin.

3.2 Ispin

The ispin is the central control unit for the experiment. It is a FPGA based data acquisition
and pulse generation unit. Pulses are created with the use of the labview software or by
batch file. The ispin unit needed a couple of modifications for use the chosen frequency of
48.5KHz. The amplifiers needed replacing, as they are out of band at 48.5KHz. The output
amplifier was replaced with an external RF amplifier. The first stage of this amplifier is a
x10 voltage amplifier based on an AD849 op-amp with 1.8MHz bandwidth. The second
stage is a power amplifier with a bandwidth of 90MHz. The input amplifier was also
replaced by a Miteq amplifier [84] with a bandwidth of 10KHz to 200MHz. This amplifier
has an in band gain of 60dB. An addition to the ispin was also made — a circuit to handle
the TTL voltages that control the tuned trap blanking and the damping of the tank circuit.
As will be discussed later in the chapter, two different ways of controlling the ispin were
used. The first is with the GUI supplied with the ispin. The second was a custom made
Labview VI which performs many scans over a range of parameters. The custom written
GUTI has limited control over the TTL outputs on the ispin and more circuitry was required

to turn the limited information into correctly timed pulses.
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Ficure 3.2: Schematic of tank circuit with Q damping. The tank circuit is used to hold
the sample, which sits inside the inductor. A MOSFET -the IRFD110 - is used to switch a
resitor in and out of the circuit.

3.3 Tank Circuit

The tank circuit was designed to work as close as possible to 50 kHz. The main design
consideration was the Q factor which was designed to be as high as possible to maximise
the energy stored and hence the strength of the excitation field. It also determines the
parallel resistance of the tank which is an important factor when considering the design
of the tuned trap and the transformer. The full schematic of the tank circuit is pictured in
figure 3.2. The inductor was designed first and was designed so that the sample test tube
fitted through the centre and allowed room for two electrometer probes to pass through
holes in either the side. The former on which the coil was wound was designed with a
small space down either side to allow a small copper electrode on the either side to slide

freely in and out when removing the sample from the coil. The largest size of test tube
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available was chosen for the sample, 32mm diameter. The resulting coil is two layers and
measures 72mm x 32mm. This gives the best trade-off between Q - which is highly affected

by the aspect ratio - and high inductance. Other specifications are:

L =626 uH
Q =47

Length = 72mm Turns = ~ 220

The capacitor used is a silver mica capacitor. Silver mica has a Q value, high enough to
be insignificant in comparison to that of the coil. Two capacitors in parallel were used
to provide a tank resonance around 50KHz. The resultant capacitance measured 16.8 nF.

The resonant frequency of the tank is calculated:

1

= 49.077kHz 3.1
27v/626 x 10=6 x 16.8 x 109 G1)

However when the sample is in the inductor, the resonant frequency measures 48.5 kHz.

Terman [85] gives the parallel resistance of a resonant LC circuit as:

r=wlL@

r =271 x 48.5 x 10° x 626 x 1075 x 47 = 8695 (3.2)

However with the glycerine sample tube inserted the inductance is slightly increased and
the resonance is closer to 48.5kHz. The coupling capacitors were chosen with a high
enough reactance at the operating frequency that they would not load the tank circuit. To
achieve this, the path to ground either side of the tank must be higher impedance than
the parallel resistance of the tank. Initially a value of 47pF was chosen for both coupling
capacitors. This was later change to 3.6nF for the input capacitor and 470pF for the output
capacitor, with the design of the transformer and the tuned trap. This was because it was
realised that the input capacitor was needed to be low to keep energy in the tank during
the pulse phase, whereas the output capacitor had a negligible effect in this respect, as it is
in series with the high impedance tuned trap during the pulse phase. A damping circuit

is needed to drain the energy from the tank circuit after the excitation pulse is applied,
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ready for its use as a pick-up coil. To accomplish this, a damping resistor is added between
the inductor and ground and shorted out by a FET for the time the excitation pulse is
applied. Hence, for the excitation period and the read period the tank is resonant and
there is a small amount of time between the two where the tank is critically damped. To
short the damping resistor, a power MOSFET —IRFD110 [86] was chosen for its very low on
state resistance (0.54 Q2). To calculate the damping resistor (r) we use the critical damping
criterion given by Fortney [87] for a parallel LCR circuit

w2 L?
C

(3.3)

T =

From which the value is calculated to be 386 Q. A 390 resistor is used as the nearest

preferred value.

3.3.1 Analysis of the Tank Circuit

The most important measure of power available to the circuit is the energy density inside
the inductor; power dissipated in the tank circuit alone is misleading as this is not relative

to the size of the inductor. From Krauss [88]

energy stored (W) = %L[ 2 (3.4)

The energy density of the inductor is compared to that of Aydin [20] to give an estimate of
how much power is needed to produce a signal from the same sample, glycerine. Aydins
inductor measured 3.4 mW/m?, whereas the new inductor designed is 6.6 mW/ m3. This
measurement gives a rough indication of the voltage needed across the tank. To give the
same energy density inside the sample approximately half the voltage used in Aydin’s
experimental setup is needed, though the energy needed to excite a signal is the integral
of the time for which it is applied, so this is not an absolute measurement and is affected

by the amount of time the tank takes to accumulate energy.

Measurements of the tank circuit in high Q and low Q can be seen in figure 3.3. The tank

is shown to give approximately 20 dB difference between the high and low Q states.



Chapter 3. Design of the NMR Experiment

44
0
—10
)
S
-+
=]
8 20}
=
S
—30
—40 —m——— ‘ e —————
104 10°
frequency (Hz)
0,
—10
)
S
=
2 —20
=
S
-30
—40 — : SR
104 10°
frequency (Hz)

Ficure 3.3: Bode plots of tank circuit operation. The circuit is ~-1 dB in high Q (top) and
~-20dB in low Q (bottom) at the frequency of operation (48.5 kHz)
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3.4 Tuned Trap

Win | yout

FiGURE 3.4: Basic tuned trap schematic. When the signal is large ( V>0.7 V) the circuit
attenuates the signal, and when low (V<0.7V) the signal passes unattenuated to the re-
ceiver.

The tuned trap protects the front end of the Miteq amplifier. It does this by acting as a
high impedance circuit when the signal is large, and a low impedance when the signal is
small. When the signal is large, greater than one diode voltage drop, the circuit acts as a
tank circuit with a very high Q, and hence a very high parallel impedance. This tank acts
as a voltage divider with the two cross diodes and these diodes clamp the output voltage
at +/-0.7V. When the signal is small, the path through the inductor is an open circuit and

the trap is just a capacitor in series with the output.

The tank circuit consists of an inductor constructed from a potted ferrite core and a 47nF
silver mica capacitor. Silver mica was chosen here for its low series resistance and high
voltage rating. The potted ferrite core allows very high Q (Q = 170) and also some con-
trol over the inductance by moving a ferrite screw. This meant the tank could be tuned
to the operating frequency, which corresponds to an inductance of 0.23mH. The parallel

resistance of the tank is

r=wlL@ (3.5)

r=21 x48.5 x 10° x 230 x 1076 x 170 = 119150

In addition to the basic tuned trap pictured in 3.4 the circuit is modified with a JFET con-

nected in parallel with the output (see fig 3.5). This JFET shorts the signal out while the
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excitation pulse is applied to the tank, to minimise the saturation of the amplifier. The
gain of the Miteq amplifier is 60dB, and even 0.7V input will saturate the amplifer, even
if it does not harm the front end. The design of the trap has also been modified to in-
clude an op-amp buffer. This addition is necessary as the signal captured is expected to
be small at low frequencies and the tuned trap needs to attenuate the signal as little as
possible. The Miteq amplifier is 50 2 input impedance, and this will produce a voltage di-
vider with the coupling capacitor of the tank circuit, attenuating the signal greatly. Here
an op amp buffer is added to prevent this attenuation. The addition of the buffer creates
another problem however: it adds noise to the signal. The op-amp chosen, the AD656 ,
was selected for its low voltage noise specification (7nV/Hz). This noise will be insignif-
icant as the lowest signal detectable by the Ispin is in the order of millivolts, which puts
the minimum detectable signal level around 1uV. This is well above the noise floor of the

AD656. A DC bias resistor is also added to the input terminal of the op-amp.

The JFET used to short the excitation signal before the amplifier is a U310 [89]. This JFET
was chosen for its low on state resistance and low capacitance. These two requirements
are conflicting as lower resistance FETs have larger conduction channels and hence larger
capacitance, so a trade off between the two was made. The U310 has 2.3pF capacitance
from source to drain and an on resistance of 153 €). The full schematic of the tuned trap

complete with the JFET modification and component values is pictured in fig. 3.5.
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Ficure 3.5: The tuned trap schematic with labelled component values and additional JFET
circuitry included. This circuitry further lowers the signal level at V ;.
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The signal attenuation from the tank to the tuned trap can be directly calculated by con-

sidering the resistances and the reactance of the capacitive elements (see figure 3.6) -

Reactance of coupling capacitor from tank =6982
Reactance of tuned trap tank capacitor = 692
Reactance of Cy, of U310 = 1.43 M2

Parallel reactance of DC bias resistor and U310 Cy, =590 k2

706252
Vout

- 590K (2

Ficure 3.6: Equivalent reactances loading the tank circuit. Signal transfer from the tank
circuit must be maximised. The equivalent reactances of the loading components are
considered to ensure this condition.

The voltage out is 98% of the input signal. Hence the design of the tuned trap maximises

the input signal at the cost of adding a very small amount of noise.

3.5 Transformer

The transformer is placed after the power amplifier and transforms the voltage to ensure
the maximum amount of power is transferred to the tank which holds the sample. The
exact amount of power needed to produce an FID signal is to be ascertained by experi-
mentation. The transformer is made to transform the voltage by a factor of 10. It is not
necessary to transform the voltage to the full 500V limit dictated by the tank capacitor

rating, as energy builds up in the tank circuit over time. The transformer was wound on
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a type 2 potted ferrite core gapped with kapton tape to reduce the inductance. The coil

ratio is 10:1.

3.6 Helmholtz Coil

The Helmholtz coil is used to provide the static magnetic field. The apparatus consists of
two coils spaced apart to create a relatively homogenous magnetic field in the centre of
the two coils. The coils used were pre-existing. The Helmholtz pair was initially powered
with the coils in parallel through a 60V power supply. The maximum field produced in

this arrangement was 1.37mT. From Levitt [90] the Larmor frequency is

wo = —vBy (3.6)

Where wy is angular momentum, v is the gyromagnetic ratio of the sample, and By is the
static magnetic field strength. A field strength of 1.37mT corresponds to a spin frequency
of 59KHz for glycerine. The frequency of precession can be expected to vary slightly due
to non-ideal factors such as the altering of static magnetic field from neighbouring ferric
parts. A frequency of approximately 50KHz was chosen for the operating frequency, so
the field could be modulated around this frequency when searching for the resonance
(the resonant frequency of the tank circuit was 48.5 kHz after building, so this frequency

was eventually used as the Larmor frequency).

The coils were later changed from a parallel arrangement to a series arrangement. This
holds the current constant through both coils, as the field generated through an inductor

is equal to

NI
B = MOT (3.7)

[88] By ensuring the current is equal through both coils the field generated is also the
same for both coils. If the temperature of one coil changes with respect to the other, no
field gradient occurs as the current through both is the same. The power supply used to

drive the coils also needed to be changed with the coils in series. To produce the same
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current — and hence the same field - the power supply was doubled to 120V. To achieve
this two linear 60V power supplies were used in series. Linear power supplies were used
for their low noise. Switch mode power supplies are more readily available in high voltage

packages but also produce noise in a similar band to our frequency of operation.

3.6.1 Magnetic Field Inhomogeneity

The homogeneity of the magnetic field affects the captured signal. Inhomogeneity through-
out the sample causes different areas to precess at slightly different frequencies. When the
captured signal is viewed in the frequency domain, this has the effect of broadening the
peak of the signal, referred to as “in-homogenous broadening” [69]. In-homogeneity of
the static field is not the only reason this effect occurs. Nuclear interactions of neighbour-
ing particles will also affect the magnetic field. In NMR spectroscopy, these interactions
are measured carefully and provide information about the chemical structure of the sam-
ple. For this reason the broadening due to magnetic in-homogeneity must be many times
smaller than any chemical shift being measured. “Most NMR experiments require a mag-
netic field which is homogenous (i.e. independent of position) within at least one part in
109.” Levitt [90]. For the purposes of this experiment however, the homogeneity can, and
is expected to, be much lower. This is because the sample is glycerine, where only one
molecular type is present which will provide only one large peak. A very sharp peak is
difficult to detect if the peak is too sharp. It is useful to provide a measurement of exactly
how the magnetic field changes over the sample and over the entire magnetic field. The
magnetic field was measured every one centimetre squared over the central region of the
Helmholtz pair - 10x10x40cm. The field was measured with a commercial field meter held
by a non-magnetic clamp in order to prevent the metal disturbing the field lines. Over this
region the field was found to vary up to 0.23% - or 23,000 PPM - however this figure does
not account for the heating of the coils, which causes the magnetic field to diminish over
time. The heating of the coil is not thought to be important to the performance of the
experiment, as this effect happens very gradually (the data shown was gathered over the
period of approximately one hour) whereas one scan takes a fraction of a second. Over

time this effect will alter the frequency of resonance, but the field is swept to prevent this
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causing a problem. The central cross section of this measurement - a 10x10cm slice - is

shown in figure 3.7.

Contour of Magnetic Field Strength Over Horizontal Cross Section of Helmholtz Coil

0.971

0.9705

0.97

0.9695

Field Strength (mT)
o

0.9685

0.968

09675 .| ...t

Distance (cm) Distance (cm)

Ficure 3.7: Surface plot of a 10 cm by 10 cm 2d horizontal cross section of magnetic field
measurements over the centre of the Helmholtz Coil. The magnetic field homogeneity of
the DC magnet is of great importance in the NMR experiment.

The sample occupies a smaller region of this space, and the field can be expected to vary
up to 0.011% over this region. Once again, measurement is without accounting for the

warming of the coils.

3.7 Electrometers

The e-field NMR technique uses electric field sensors to acquire signals traditionally ac-
quired by magnetic field detection. These electrometers are based on the topology of the
Sussex sensors. This unique sensor technology makes the electric-field acquisition possi-
ble. The design can be tailored to each of the many applications the EPS is used in. The

topology of the Sussex sensors is pictured in chapter 1, figure 1.6, and figure 3.8.
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Ficure 3.8: Generic EPS sensor topology. The op-amp is used as a unity-gain voltage

follower. A bias current path is provided to stop the sensor railing and ensure correct

operation of the op-amp. Feedback is used to control the potential of the guard, effectively
reducing capacitance of the front end [20]

The electrometers designed for this experiment were designed for low noise and low at-
tenuation in the experimental set-up at our operating frequency of 48.5KHz. The boot-
strapping feedback is foregone as this is used for low-frequency measurements, and the
bias resistor is kept as low as possible and an op-amp with low current noise is chosen -
the OP657. This op-amp has low current and voltage noise. The OP657’s input impedance
is also optimum for coupling the signal (0.7 pF). By considering the reactances (fig. 3.9)
of the input coupling, the input attenuation is calculated to be 66%. This is a large attenu-

ation but the signal will still be very large compared to the noise floor of the electrometer.

Neutralisation is provided from a variable potentiometer on the output of the op-amp.
The pot is tuned to provide the minimum signal attenuation possible without pushing
the electrometer into instability - if too much signal is fed back oscillation can occur. Both
electrometers are housed in a tin-plated steel box for RF shielding, and grounded by a
ground braid to the star earth point. The full schematic for the electrometer is pictured in

tig 3.10

3.7.1 Noise

If designed without due consideration, noise in the electrometers can become a problem.
The signals being measured are expected to be at least 1 V. Because the Sussex EPS is

capacitively coupled a large input resistor is needed to AC couple the signal. The input
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FiGure 3.9: a) shows the input capacitances associated with the electrometer. Parasitic
capacitances of the op-amp must be considered to ensure the signal is not attenuated. b)
shows the equivalent loading
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Ficure 3.10: Full electrometer schematic for the electrometers designed for e-field NMR
signal acquisition. An OP657 is used in a unity gain, voltage follower configuration.
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coupling is measured to be 2.3pF, an input resistor of at least 1.4 M is needed to AC
couple this capacitance at 48.5KHz, the precession frequency. Here a 1.5 M(2 resistor is
used as the nearest preferred value. This resistance produces two noise sources, the first

being thermal noise, given by [85]

v2 = 4kpTR (3.8)

Where kp is Boltzmann'’s constant, T is temperature and R is resistance. Which for a re-
sistor of 1.5 M at 295.15K Equal to 0.15 uVHz /2. This is acceptable and is not a factor
that can be easily changed. The second consideration that must be made is the op-amp
current noise. All op-amps have noise sources and the input noise sources can be mod-
elled as current noise and voltage noise. The voltage noise of an op-amp will appear re-
gardless of whatever is placed across the input. The current noise however is multiplied
by the resistance to ground on the front of an op-amp to give voltage noise. Figures for
both voltage noise and current noise vary dramatically from op-amp to op-amp. In gen-

—-1/2

eral, noise figures vary between 1 and 100nVHz . The range of current noise is gener-

ally much larger. It is common to see figures range from fA to nAHz /2. OP657s were

~1/2 and

used in the design of the electrometers. These op-amps are specified for 1.3 fAHz
4.8nVHz /2 . This means that the current noise in the 1.5 M2 input resistor generates
1.95nVHz /2. This is fairly insignificant compared to the voltage noise, as the sum of

two figures being random, non-periodic signals is a geometric mean

V(1.95 x 109)2 4 (4.8 x 10-9)2 = 5.18nVHz /2 (3.9)

The actual noise figure as measured is slightly higher; just below 10nVHz /2. Figure
3.11 shows the measured power spectral density with a 100 uV 48.5KHz input signal. The
1/f noise floor can be seen on the left hand side of the figure as a steady increase in noise

below 1KHz
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Ficure 3.11: Power spectral density of OP657 electrometer - the electrometer is tested with
a 48.5 kHz input signal and the resulint plot shows the noise floor inside the electrometer.

3.8 Preliminary Testing

The system was tested on a previously existing experimental set-up designed by Aydin
[20]. The magnet was constructed from a iron core electromagnet, capable of produc-
ing approximately 110 mT A~! and tuned to give - with a sample of glycerine - a Larmor
frequency of 1.84 MHz. The correct operation of the ISpin with single pulse and CPMG
sequence and electrometer signal detection were confirmed with this setup. Figure 3.12
shows single pulse and CPMG scans, with the operating frequency w,, of the detector
altered to see the difference in wave shape - with w,, very close to the Larmor frequency
only the envelope can be seen, with w,, further away a clearer re-phasing echo can be
seen. This is a result of the detector behaviour which mixes the signal down to a low fre-
quency. This test confirms the adequate operation of the Ispin NMR, and all tests after

wer conducted at a different frequency with the apparatus designed for a 48.5 kHz.

3.9 System Testing

After the construction of the experiment, capture of a FID signal proved elusive. The

following outlines possible reasons why:

o Power surplus provided to the sample saturates the spin states and no signal is seen.

Power is provided by the excitation pulse, too long a pulse time or a pulse of too
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(c) CPMG sequence with reciever set far from Larmor frequency

Ficure 3.12: Testing the ISpin NMR system. The above figures show signals captured
using the ISpin NMR system with a glycerine sample, Larmor frequency of 1.84 MHz.

Figure a) shows a single pulse signal b) and c) show CPMG sequences.
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great an amplitude can prevent any FID signal being seen as the spins take longer to

return to their original orientations, and the FID does not occur in the time allowed.

e Power deficit will fail to produce a visible decay. Not enough spins change orien-
tations and the magnetisation vector M is not large enough to be detected by the

system. As this may occur from too short a pulse time or too low a signal amplitude.

e Incorrect resonance Although the magnet is tuned to produce a resonance at a specific
frequency, homogeneity in the region of the sample may affect where the resonance
is seen. The sharp Q of the tank circuit may contribute considerable attenuation of

the FID at frequencies outside the tank operating frequency.

o Inhomogeneity of the magnetic field The field in the Helmholtz coil over the area of the
sample was shown to have a relatively high inhomogeneity (Section 3.10). In 1996
Vathyam comments that homogeneity has been achieved in the order of 1 part in
10° [91]. The inhomogeneity of the Helmholtz coil over the region of the sample is
2,300 ppm. As discussed in section 2.3.1, an inhomogeneous magnet broadens the
spectral width of the FID data, but there will come a point where the spins in the
sample will de-phase so quickly that the signal cannot be measured. The spin echo
is normally used to mitigate the effects of these inhomogeneities, but can only be

utilised if the initial pulse provides a visible signal.

o Ambient Magnetic Field Noise is more significant when operating at lower magnetic
fields as any disturbances are larger relative to the DC field By. The earth field
was measured at ~30uT in the vicinity of the experiments which represents 30%
or 30,000PPM of the earth’s field. Inhomogeneity in this field and stray ambient

magnetic fields presents a greater problem at low frequencies.

o Low Frequency NMR is inherently more difficult because the energy between the spin
states - and hence the magnitude of the magnetisation vector - is proportional to the
applied DC field (eq. 2.3). Tests are conducted at ~48.5 kHz where My much smaller

compared to 1.84 MHz where the preliminary tests were conducted.

The steps taken to mitigate these effects are outlined in the following sections
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3.9.1 Averaging Tests

This section refers to a custom oscillator designed and built specifically in order to test the
correct operation of the averaging in the ISpin. This was deemed necessary to rule out
any possibility that the Ispin was not functioning correctly. After the correct function was

confirmed this oscillator was not used any further in any tests.

The Ispin performs multiple scans and averages the data. This eradicates noise and lowers
the noise floor. A start/stop oscillator was made to confirm the correct operation of the
averaging inside the ISpin. This oscillator receives an "on" signal in the form of a 5 V pulse,
when the pulse goes high the oscillator outputs a sine wave of one volt peak-to-peak at
approximately 50 kHz which starts at 0° phase. This function is necessary as successive

averages that are not phase coherent will cancel each other.

First an analogue start stop oscillator design was made using the an integrator and Schmidt
trigger topology [92]. This allows the oscillation to be stopped by shorting the integrat-
ing capacitor to ground and pulling the Schmidt trigger high or low, depending on what
starting phase is desired. Upon testing this oscillator it was realised that an analogue
oscillator was unable to provide low-enough frequency drift to adequately test the aver-
aging. A digital implementation of the same oscillator was made to combat this problem.
The digital implementation reads uses an AVR Atmega328P and the program operates by
reading values from a wave look-up table written to represent a sine wave. The output
is smoothed by a op-amp integrator with a cut-off at 80 Hz. Schematics for the analogue

oscillator and code for the digital oscillator can be found in B.

The use of the start-stop oscillators confirmed that the Ispin could detect input signals in

the order of 11V, as listed in the Ispin manual [83].

3.9.2 Labview Virtual Instruments

The NMR signal is difficult to find and the absence of a signal may be a consequence of any
of the problems outlined in section 3.9 - because the exact field strengths and homogeneity
of the magnet is not known exactly, the signal is searched for by choosing probable values

and then performing many scans with slightly different values of magnetic field strength
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(which affects the Larmor frequency) and excitation signal (which affects the power de-
livered to the tank). Many scans can be performed over a range of values, then sorted
by computer and visually inspected for data. The extremes of field and power to the tank
were widened many times during the tests, in order to minimise the possibility that the ab-
sence of signal was a consequence of power surplus, power deficit or incorrect resonance.
However, unless a signal is found it is impossible to confidently assert that these factors
were not a problem, only that the likelihood of their presence was minimised through the

design of automated testing explained in this section.

Consideration of the problems related to Larmor frequency and energy supplied to the
sample creates three variable parameters - pulse time, pulse amplitude (both of which con-
trol the energy supplied to the sample) and current through the Helmholtz pair - which
controls the field in the sample and hence the Larmor frequency. These variables are hard
to accurately predict and manually adjusting parameters between scans is laborious and
inaccurate. Labview software enables the design of a custom virtual instrument (VI) to
automatically adjust parameters in between scans and perform scans over a large range
of variables. Furthermore, the VI enables all resulting data to be systematically opened,
a Fourier transform performed, and a measure of the signal-to-noise ratio of the largest
signal recorded in the file name. This creates a folder with each piece of data ordered by
those most likely to contain a signal first. This folder is then opened and the files can be
manually viewed one by one. This process simplifies the capture and viewing of many

data files immensely.

There are three parts of the VI -

e Scan all arguments needed for the operation of the Ispin are collected and a batch file
is run via a command prompt with the relevant arguments supplied. The various
parameters are entered on the front screen of the VI and the software automatically
enters each successive piece of information into the batch file. Each resulting scan

is stored with a file name that distinguishes its salient parameter settings.

e Sort The VI opens the files one by one, performs an FFT, picks the highest frequency
peak and finds the signal to noise ratio at that peak. The file is re-written with a new

name that indicates the signal-to-noise ratio at this peak.
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e View each file is opened in turn, the user can flick back and forward through the
scans. Scans are ordered in terms of their signal-to-noise ratio and those with the

highest - most likely to contain a signal - are viewed first to save time.

Screen shots of the VI GUI and the inner workings are contained in B. Conducting many
scans over a wide range of pulse times, powers and magnetic field strengths eliminates
uncertainty over power and Larmor frequency. While it cannot be proven that the scans
are being perofmrd with the correct energy, a sensible prediction can be made, then by
searching above and below this point the scans become more rigorous. When no signal
was found the highest and lowest points were changed to allow searching over an even
wide range, in this way the possibility of error from power deficit and surplus and incor-

rect resonance is minimised.

3.9.3 Proton Magnetometer

A proton magnetometer was designed as a means of testing a second NMR system in
low-field conditions. The construction of the proton magnetometer was inspired by the

articles by Hollos [93], Duggard [94] and Ruhunusiri [95].

The operation of the magnetometer is discussed in section 2.2.2. The apparatus consists
of a large polarising coil (giving ~4.45mT A1 - see fig 3.14) used to generate a strong
magnetic field and two detector coils which sit inside the polarising coil (fig. 3.15). These
are used as pick-up coils made to fit the width of a test tube and are wired differentially
with a capacitor to cancel ambient noise and produce a resonant tank. A glass tube filled
with the test sample is inserted into one of the coils. The capacitor in the setup was a
variable switch box capacitor used to tune the tan to the operating frequency of the exper-
iment. The schematic diagram of the experimental setup is pictured in figure 3.13: The
coil arrangement consists of two receiver coils wired differentially inside a larger mag-
num coil which provides a large magnetic field to polarise the spins. The receiver coils
form a resonant tank with a separate variable capacitance box, this box is tuned to the
Larmor frequency. A variable power supply is used to provide current to the magnum
coil which is switched through the coil for three seconds, then left for 15 seconds for the

sample to relax. The control unit operates the switching by the use of a MOSFET and also
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includes diodes to counter the effects of back E.M.F. induced in the coil when the current
is switched off. A function generator controls the timing of the switching and also triggers
the oscilloscope to read the data from the tank circuit, so the readings may be averaged.

All wires are shielded to reduce unwanted noise..

. function: Ll
:generator: + oscilloscope :
------------ Shielded
control : variable
unit I capacitance
power | ttcttprtce Y S

supply ! | ! z |
— i . |
B coil | . | / .

arrangement : b .. .

1

FiGure 3.13: Proton magnetometer experiment. The setup is analogous to the pulsed
NMR setup but does not require timed pulses and only DC magnets.

TaBLE 3.1: Proton Magnetometer Coil Measurements

Coil wire turns  layers L Q Length Diameter
(mm) perlayer (mm) 2kHz (mm) (mm)
coil 1 0.58 138 4 3.43mH 94 94 32
coil 2 0.58 138 4 3.40mH 9.5 94 32
magnum 1 98 6 25.68 mH 55 100 88

The polarising coil is fitted with protection diodes to stop back EMF damaging the sur-
rounding circuitry whe the current through the coil is switched off suddenly. A FET (an
IRF6215 [96]) is used to switch 3 A of current into the coil for 4 seconds, then turn off for 15
seconds. This process is automated by a signal generator which feeds a 15V gate pulse to
the FET, and an oscilloscope is set to trigger on the falling edge. The signal from the tank
is low-pass filtered to show the envelope of the signal and fed to the oscilloscope which
averages the noise out, thereby extending the noise floor of the system. The apparatus
is oriented with the magnetic field lines through the inductor at 90 degrees to the earth
field lines, which were tested with a commercial magnetometer by measuring the field

strength at various angles.
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F1GUre 3.14: Magnetic field inside the proton magnetomter magnum coil as a function of
current through the coil

The signal from the proton magnetometer is much smaller than the signal from the pulsed
NMR experiment, owing to the relatively small magnitude of the earth’s magnetic field
(=20 1T). This means extensive averaging is required to see even a small signal. Hollos
[93] recommends digitising the data and using an FFT to extract salient information about
the frequency, the experiment constructed in this thesis was tested by extracting the enve-
lope data of the ringdown, extensively averaging it and comparing it to the signal of the

same system without the sample present.

3.9.4 Results of Proton Magnetometer Tests

The comparison of results from the proton magnetometer experiment is displayed in fig-
ure 3.16. It shows that there is a slight difference in the ring down time of the tank circuit,
consistent with the presence of a signal. However, these results were replicated with the
tank tuned to a different frequency from the Larmor frequency (this is pictured in fig.

3.17), and therefore it is decided that this difference is not the result of a FID signal.
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Ficure 3.15: Proton magnetometer assembly - the top figure shows the larger coil (1)
which provides the static DC field with the two smaller receiver coils (2) sitting inside it
- the lower figure shows the same assembly with a cut section
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FiGure 3.16: Results of the proton magnetometer experiment. A clear difference in the
ring-down times is recorded with a sample present and not present

3.10 Conclusions

The tests undertaken eliminate most of the variables outlined in 3.9. This is done by taking
extensive scans with a custom automated VI. As discussed in section 3.9.2, the use of this
automated testing minimises the likelihood that the problem factor is either an incorrect
resonance or problems with the power delivered to the tank. This leaves the following as

the most likely factors.

e Magnetic field inhomogeneity - the magnetic field of the Helmholtz coil is too inho-
mogeneous. As has been measured in section , the homogeneity of the field is very
low compared to that expected in a conventional NMR spectrometer. Low homo-
geneity may mean the phases of the individual spins are not sufficiently in phase to

produce a detectable magnetic moment.
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F1Gure 3.17: Results of the proton magnetometer experiment with tank circuit tuned to a
different frequency than the Larmor. The difference in the ring-down times is still present
with and without sample present.

e Size of the resulting signal is too small - although the premise of the NMR detection
has been proven by Aydin [20], these tests concentrate on using far lower magnetic
field - creating a Larmor frequency of 48.5 kHz rather than 2 MHz signal created in
low field NMR conditions is know to be much smaller, as the signal level is propor-
tional the applied field strength (discussed in Chapter 2, section 2.1.4). This may
mean the signal created by the magnetisation vector produced by the field inside
the sample is in the sub-uV region, too small to be detected by the ISpin. This sig-
nal level is documented in the Ispin manual [83] and is above the noise floor of the
electrometers measured in section 3.7.1, making the Ispin the piece of equipment in

the detection with the highest noise floor.

The proton magnetometer was intended to show that even though the pulsed NMR sys-

tem may not produce signals, the EPS sensors would be well suited to capture the signals
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created by nuclear precession. In fact, the proton magnetometer may have been suited
only to an outdoor environment: Chung [97] refers to the magnetic field perturbations
created by buildings with steel structures, while Skakala [98] and Afzal [99] record sig-
nificant field disturbances in indoor unshielded environments. These disturbances are
likely to be high in a research building with many sources of magnetic noise. The Faraday
cage that the experiments were conducted in will provide protection only from electric
field disturbances and not from magnetic field disturbances. Indeed, Afzal [99] records
magnetic field perturbations in the presence of the perturbation source of up to 40 pT. It
can therefore be said that the most likely cause of the failure to produce signals is ambient

magnetic field noise.

The eventual failure of the experiment does not indicate the EPS is unsuitable for low-field
NMR, as no signals were detected at low frequencies using either magnetic or electric field

detection. Suggestions for further work on this experiment are as follows -

e Substitute the Helmholtz coil with a higher homogeneity magnetic field. This would

reduce the likelihood that the homogeneity is the problem.

e Modify the Ispin front end electronics to produce higher signal to noise ratio of the
detection electronics. This would reduce the likelihood that the signal level was the

problem with the system.
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Chapter 4

Particle Detection Theory

4.1 Overview

With minor modifications the EPS can be used as a particle detector. This thesis will focus
primarily on the behaviour of a parallel plate ionisation chamber where a volume of air
between the plates is irradiated by alpha particles. Most of the experiments in this thesis
cover the EPS functioning like a traditional ionisation chamber in current mode, but as an
extension of these, experiments are undertaken to attempt to make the detector function as
a pulse mode device by manipulating the rise time of the sensor. This chapter provides the
theoretical basis for these experiments. This chapter covers the theory of charged (alpha)
particle detection in current mode ionisation chambers (sections 4.3 to 4.4.6); proportional
and Geiger Muller detectors; neutron detection and converter layers (sections 4.6); and

special considerations for the EPS, covered in section 4.7.

This thesis focuses on expanding the potential applications of the EPS sensor and pro-
vides a proof of concept for use in particle detection applications. The EPS is especially
useful as a particle detector as it is cheap and small - the working of the sensor exists as a
monolithic 1cm? chip designed by Plessey. This means the sensor may be fitted into small
spaces where existing sensors cannot fit, requiring only enough space for an electrode as-
sembly. Additionally, the sensor offers built in control of feedback which will be shown in
chapter 5 to affect the rise time of the sensor. Further work on this area may mean a sensor

which can be switched from current mode to pulse mode behaviour may be developed.
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This distinguishes this work from recent research in the area such as that of Takata [26],

Bellicoso [27] or Aladili [28].

4.2 Design of Particle Detectors

According to Leo [100, p.116], the design of an effective particle detector takes into account

four main factors

e Cross section for reactions in the detector The detection of particles normally relies
on the creation of charged particles [101, p.10]. It is these particles which are then
detected and measured. This thesis primarily covers the transferral of kinetic energy
to charge which occurs in the interaction of alpha particles with air - in the ionisa-
tion chamber experiments - and the interaction of neutrons with various detector
materials in the neutron detection experiments. Those materials in which particles
react are chosen because they have a high likelihood of interacting with a particle.
Cross section quantifies the chance of an interaction between a particle and the mate-
rial it passes through (charged particles, including alpha particles interact primarily
through Coulomb interaction [102, p.96],[103, p.2] while neutrons through strong
force interactions with nuclei [100, p.63]) and has the unit of barns. The detector

must utilise a material with a high cross section for the particle it is trying to detect.

e The detector mass In addition to choosing a material with appropriate cross section,
the material must also be of sufficient mass to absorb all or sufficient amount of a
particles energy. A useful figure here is the range - defined as the average distance a
specific particle with a certain energy can travel through a certain density of material
(measured in kg cm™2), before it loses all of its energy [104] [100, p.30].). This figure
will vary experimentally due to the unpredictable path and interactions of a particle
in amaterial (this effect is called range straggling [105, p.45]), so some approximation

is used in calculation, the most common being the practical range [100, p.31].

e Inherent detector noise The amount of energy produced in reactions between parti-

cles is often small and the equipment used to detect the charged particles produced
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must be sufficiently low noise that they might be seen above the noise floor of the

equipment.

e Protective material surrounding the sensitive volume of the detector The mate-
rial through which particles travel into the sensitive volume of the detector must be
designed as to interact as little as possible with the particles, preserving their en-
ergy. In this thesis, the surrounding volume must also provide adequate electric

field shielding, as discussed in section 4.6.3.

4.3 Charged Particle Detection in Ionisation Chambers

C plate voltage

Tonising radiation

ion pairs

Q

O
A4

FIGURE 4.1: Parallel plate ionisation detector showing the separation of ions. Incident

radiation creates ion pairs in the captive volume of gas represented by the dotted box.

An electric field applied between the plates moves the ion pairs, the induced voltage is
measure by an electrometer. [106]

This section provides an overview of the function of ionisation chambers, before dis-

cussing the relevant processes in greater detail in section 4.4.

Figure 4.1 shows the schematic of a parallel plate ionisation chamber - there are two plates,
cathode and anode, between which a voltage is applied and an electric field exists. The

space between the plates is accessible to air and to incident radiation. Incident particles



Chapter 4. Particle detection with EPS 69

ionise air molecules creating ion pairs - free electrons and positively charged ions, which
migrate to either electrode under the influence of the electric field. The movement of the
charges induces a voltage over the resistance and is read by an electrometer. Hence, gas
filled ionisation chambers detect ionisation produced in gas by incident charged particles

[100, p.127],[101, p.52].

Without the applied voltage the ion pairs created may recombine, reducing the signal
[107, p.134]. The electric field attracts the charges to either plate, separating them,[107,
p-135],[103, p.90], hence the effects of recombination are decreased and the more effi-
ciently the charge in the volume is measured[38]. When increasing the voltage further
does not increase the signal, the "saturation region" is reached and a measurement of the
incident radiation may be inferred [107, p.136]. When the voltage is increased further the
behaviour of the ions in the gas changes and as more voltage still is applied, the behaviour
changes continually. There are in total 6 types of behaviour observed between ground and
a high enough voltage to precipitate a continuous discharge in the gas (see figure 4.2). The

six regions of collector behaviour are:

1. recombination region In this region most of the ion pairs created recombine. As more

voltage is applied, the pairs are separated faster and less recombination takes place.

2. saturation region When enough field is applied, most of the ion pairs created are col-

lected. When this region is reached, the amount of incident radiation can be inferred.

3. proportional region further increasing the field causes the electrons to gain enough
energy to ionise other molecules. The amount of electrons collected is proportional

to the ions produced in the chamber.

4. region of limited proportionality like the proportional region but the movement of elec-
trons is increased such that the positive ions present are almost immobile, which

creates non-linearities in the measurement. Detectors do not operate in this region

5. Geiger-Muller region In this region any discharge will continue until the electric field
of the immobile positive ions prohibit it and consequently all incident particles pro-

duce the same pulse height.
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F1GURE 4.2: Operational regions of conventional ion chambers. Electric field over a volume
of gas precipitates 6 distinct behaviours, depending on the voltage applied [108]

6. Continuous discharge region The voltage on the plates is increased sufficiently that

there is a steady current through the gas.

The ionisation chamber, the proportional detector and the Geiger-Miiller detector are
three types of detector all designed to work in different regions of applied voltage [105,
p-206],[107, p.161]. In the saturation region, the detector works as an ionisation cham-
ber. Current mode detectors are not used to detect individual particles. The propor-
tional counter, a pulse mode detector which works in the proportional region, acceler-
ates free electrons enough that they may ionise molecules by secondary ionisation [109,
p-47], which increases the amount of ion pairs produced per incident radiated particle.
The output is proportional to the energy of any incident particle [100, p.136] and propor-
tional detectors can be used to count these particles and distinguish their energy. The
Geiger-Miiller is also a pulse mode detector and functions in the Geiger-Miiller region.

In this region even low energy particles precipitate an avalanche of electrons, causing the
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detector to saturate [109, p.53]. The signal from such a detector has no relation to the pri-
mary ionisation [109, p.53], hence it can count low energy particles but cannot be used to

measure their energy.

4.4 Mechanisms of Ionisation Chambers

This section covers in greater detail the processes relevant to this thesis which enable the

detection of charged particles in parallel plate ionisation chambers.

4.4.1 Ionisation and Excitation

Ionisation occurs when an electron is removed from the outer shell of a molecule or atom.
This occur as a result of various interactions between particles but in the particular case of
charged particle radiation, the most significant is the Coulomb interaction [102, p.96],[103,
p-3]. Coulomb’s law gives the force of attraction between two bodies -

f =) @)

r2

Where £ is Coulomb’s constant (dimensionless), ¢; is the charge on the first body (C),
and ¢ is the charge on the second body (C) and r is the distance between the bodies
(m). When a charged particle moves through the air in an ionisation chamber, there is a
force of attraction between it and neighbouring charges. The force between the electron
and incident particle can cause the electron to be excited - the electron may stay bound
to the nucleus, but become excited - if the force is insufficient to free it. If the force of
attraction is sufficient an electron is freed: the molecule is ionised. The term ionisation
energy (or binding energy, or ionisation potential) is used to quantify how much energy it
takes to separate an electron from its nucleus, however if the total energy of the interaction
between a molecule and a charged particle is considered, the energy is higher, as energy
is absorbed by the other electrons bound to the nucleus [103, p.13]. The value W is used
to represent this total energy needed to ionise a molecule. For gasses, the W value is
around 30eV [105, p.207] [103, p.14] (see table 4.1 ). The amount of ion pairs created for

a 5MeV alpha particle is therefore around 16.67x 10*, ho