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Abstract

When the spin polarisation of a nuclear species' is increased far above levels
observed at thermal equilibrium, it is said to be hyperpolarised (HP). These HP
species can be created using many di�erent methods for the purposes of nuclear
magnetic resonance (NMR) and magnetic resonance imaging (MRI). HP Xenon
129 (129Xe) can be created using spin-exchange optical-pumping (SEOP), which
uses circularly polarised light to polarise the electronic spins of alkali metal
vapour. The polarised alkali metal electrons then transfer their polarisation
to noble gas nuclei via Fermi contact two and three-body interactions. Other
methods of HP are available such as dynamic nuclear polarization (DNP) and
brute force (BF) polarisation.

One of the applications of HP 129Xe is clinical MRI imaging, which can
be used to provide non-invasive structural and functional information about
internal organs. This thesis focuses on 129Xe MRI for in-vivo lung imaging.
This o�ers more sensitive localised information than spirometry, which can only
provide an assessment of global lung function and does not provide localised
structural or functional information. HP 129Xe MRI also does not use ionising
radiation, unlike computerised tomography (CT) scans. CT and spirometry are
the two most popular methods of assessing lung function and structure. This
thesis examines the complete pathway of HP 129Xe production, from its po-
larisation to use in imaging, and starts by investigating the kinetics of 129Xe
polarisation (PXe) inside the optical cell where SEOP takes place. This analysis
was conducted by measuring PXe using low-�eld NMR in tandem with in-situ
Raman spectroscopy to measure the in-cell N2 gas temperature. The ability of
4He to reduce thermal gradients across the cell was found to have no signi�-
cant e�ect on the N2 temperature and PXe when using an alkali metal with a
high surface area within a cylindrical optical cell with a 1-inch diameter. Fur-
thermore, the �rst comparison of internal gas temperatures during SEOP when
using Rb and Cs as the alkali metals of choice was undertaken. It showed that
Cs entered alkali metal runaway at an oven temperature of 120 C and above,
with N2 temperatures elevated in excess of 330 C, whereas, under identical con-
ditions, the N2 temperature in an Rb cell remained stable, slightly above oven
temperature. The PXe measurements also exhibited the results seen in previous
studies, namely that, under optimal conditions, Cs can achieve up to twice the
PXe that could be produced with Rb.

Additionally, the upgrade, redesign and testing of a stopped-�ow hyperpo-
lariser (N-XeUS2) intended for clinical use is described. The N-XeUS2 is based
on the XeNA, XeUS and N-XeUS designs, which were previously developed by
the consortium (University of Nottingham, Southern Illinois University Carbon-
dale and Vanderbilt University) to scale up HP 129Xe production for a clinical
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setting. The upgrade and redesign were aimed at improving reliability, ease
of use and cell lifetimes. This process involved redesigning the gas handling
manifold, modifying the automation code and testing a 200 W laser at 794nm
(Micro-channel cooled (MCC), QPC, Sylmar California, USA). The XeUS2 de-
sign was tested at Wayne State University, where the W-XeUS2 polariser was
able to achieve a record PXes in a 2000 Torr cell of 59 ± 1.5%, 76 ± 2% and
98 ± 1.9% at Xe partial pressures of 1500, 1000 and 500 Torr, respectively. A
long-term quality assurance (QA) study was undertaken on the W-XeUS to in-
vestigate its cell lifetime. It was found that useable PXe levels could still be
produced even after ≈ 700 optical cell �lls, equivalent to one to two years of
typical use. This was the �rst study of its type on this polariser design.

The work from later chapters presented in this thesis took place in the
Queens Medical Centre (QMC) in Nottingham and focuses on producing and
imaging HP 129Xe in a clinical setting. The HP 129Xe produced in the QMC
was undertaken using a Polarean 9810 continuous-�ow polariser. An investi-
gation looked at the PXe that could be produced with a 3% Xe gas mix at
di�erent �ow rates through the optical cell. At clinically relevant time scales,
the Polarean 9810 could produce a 1 L sample in 28 minutes, with a PXe of ≈
16.7%.

The HP 129Xe in the QMC was generated for use on both a 0.5 T MROpen
Upright Paramed Medical Systems (Upright) scanner and a General Electric
(GE) 1.5 T HDx multi-nuclear Flatbed MRI scanner. The Upright scanner's
open geometry increases its tolerability, increasing the cohort of patients that
can be imaged in any orientation. Using the Upright scanner and a small surface
coil manufactured by Clinical MR Solutions (CMRS), the �rst HP 129Xe imag-
ing study was performed. It showed that the coil and scanner together could
resolve millimetre-level detail when imaging a phantom �lled with HP 129Xe.
The setup was also able to perform dissolved-phase NMR and could clearly re-
solve the NMR peaks of 129Xe dissolved in water, olive oil, tert-butanol and
ethanol. These NMR and MRI results indicated that, once the coil is approved
for human use, it could be used to perform initial in-vivo 129Xe MRI lung
imaging on the Upright scanner.

A new �exible chest coil from CMRS (CMRS coil) designed for use with the
GE 1.5 T �atbed MRI scanner was procured and tested to determine whether
it could act as a suitable replacement for the previously rigid chest coil made
by Rapid biomedical. In quadrature transmit array receive (QTAR) mode, a
drop in signal from anterior to posterior was observed, making it un�t human
for use. The coil was then switched to Quadrature Tx array Rx (QUAD T/R)
mode, which gave more consistent results under initial testing. The �exible coil
design allows for larger volunteers to be images increasing the limited cohort of
patients that could tolerate the previous rigid coil.
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Chapter 1

Introduction

1.1 Overview

This thesis focus is to contribute to the advancement of HP 129XeMRI, focusing
particularly on the imaging of the human lungs. The World Health Organisation
(WHO) reports that respiratory diseases are the leading cause of death and
disability around the world, with four million people dying prematurely each
year as a result [1]. Chronic Obstructive Pulmonary Disease (COPD) is expected
to rise to the �fth-largest burden to global health services this year [2]. Asthma,
another respiratory disease, a�ects approximately 300 million people around
the world, and idiopathic pulmonary �brosis (IPF) was estimated to a�ect ≈
3 million people worldwide in 2017 [3]. Patients who are diagnosed earlier are
able to start treatment earlier, which can result in improved patient outcomes.
This forms the motivation behind developing HP 129Xe MRI as a diagnostic
and treatment monitoring tool.

Lung function is typically assessed by spirometry and structural changes as-
sessed with high resolution computed tomography (CT). Spirometry only o�ers
basic global information about lung function [4]. Its disadvantage is that res-
piratory diseases typically a�ect the lungs heterogeneously, with healthy and
diseased tissue occupying di�erent areas of the lung. This means a disease may
not be a�ecting the overall lung function enough to be detected by spirometry,
resulting in a delayed diagnosis. It is also not possible for spirometry to guide
localised treatments such as tissue resection surgery [5]. CT scans use ionising
radiation to generate high spatial resolution structural images of the lungs [6]
and can also examine their perfusion [7]. Due to the increased risk of cancer
associated with ionising radiation [8], the dose a patient receives should be lim-
ited and CT should be performed only when necessary [9]. This can prevent
regular monitoring, which, in the case of chronic respiratory conditions, reduces
the quality of disease management and the ability to assess treatment e�cacy.

HP 129Xe MRI overcomes the issues inherent with CT by providing a non-
ionising technique for investigating the lung's structure and function. 129Xe
is an isotope of Xenon (Xe) with a 26% natural abundance and demonstrates
many properties which make it the gas of choice for pulmonary MRI. Firstly,
it is a noble gas and is therefore non-reactive and non-toxic [10]. This means
it can be safely inhaled in a single breath-hold by patients, with no risk of
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long-term adverse health e�ects. As it has a spin of 1
2 , it is an NMR active

nucleus and therefore produces a signal that can be detected by an MRI scan-
ner. 3He can also be used for HP MRI lung imaging but 129Xe's a�ordability
makes it economical for a clinical setting where consumption scales with patient
throughput.

129Xe's unique properties allow it to provide structural and functional infor-
mation. Unlike 3He, 129Xe can di�use from the airways of the lungs and into the
bloodstream using the same di�usion pathway as oxygen. 129Xe also possesses a
very large chemical shift sensitivity, meaning its NMR signal shifts in frequency
depending on its surroundings [11]. This means it is possible to ascertain the
exact location of the 129Xe and determine locations of poor gas exchange in the
lungs [12]. Through the provision of both structural and functional information,
clinicians obtain more data for diagnostics, treatment monitoring and research
for a wide range of pulmonary diseases.

Another thing which sets HP 129Xe MRI apart from 3He is that it is not
just limited to the lungs as 129Xe can di�use into other organs after being
transported via the bloodstream. Progress has also been made into imaging
perfusion within the human brain which may be used to detect stroke or cancer
[13], in addition to preliminary work imaging the kidneys [14]. The utility
of 129Xe MRI could increase further as scientists and clinicians �nd new and
innovative ways of exploiting its properties.

129Xe is polarised using a technique known as SEOP. This is achieved by
optically pumping alkali metal electron spins via angular momentum transfer
from circularly polarised laser photons. The alkali metal electron spins then
perform spin exchange with the 129Xe nuclei [15, 16] known as Fermi-contact via
two and three-body collisions, yielding PXe levels 105 greater than the thermal
polarisation. This is more than su�cient to compensate for its reduced signal
density in the gas phase, which is exacerbated by its low natural abundance [17]
and gyromagnetic ratio [18]. Hyperpolarisation makes 129Xe it suitable for a
wide range of functions, including pulmonary imaging. HP 129Xe lung imaging
has come a long way since 1994, where the �rst reported images were of an
excised mouse lung by M. Albert et al. [19]. HP 129Xe is now being used in
a wide range of in-vivo clinical studies across the world investigating di�erent
disease states.

As the �eld has developed, so too has clinical polariser technology, polarisers
fall into two major design categories continuous- and stopped-�ow. Continuous-
�ow polarisers �ow the Xe gas mix through the cell continuously during SEOP.
Whereas stopped-�ow designs load the optical cell with the gas mix and seal it
inside the cell during SEOP and releasing the gas mix to its target after SEOP
is complete. The �rst 129Xe clinical scale polariser was a continuous-�ow design
developed by B. Driehuys et al. in the 1990s. This acted as a proof-of-concept,
showing that 129Xe could be polarised to useable levels and in su�cient quan-
tities, producing 1 L of HP 129Xe polarised to 5% in 1 hour[20]. Several teams
have since produced various continuous-�ow designs, making incremental but
signi�cant increases to the PXe produced [21],[22],[23]. Polarisers operating in
the stopped-�ow regime have also been developed for clinical imaging. Polaris-
ers such as the XeUS and XeNA have taken advantage of high-powered lasers to
achieve high levels of 129Xe bulk magnetisation using Xe rich gas mixes [24, 25].

In parallel with the production hardware, the hardware involved with imag-
ing the HP 129Xe has also developed. The rigid chest coils previously used are
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being replaced with more sensitive, �exible designs which have increased patient
tolerability. As for the MRI scanner hardware, the prospect of using an upright
scanner provided by Paramed is of particular interest in this thesis. The Up-
right scanner allows patients to be scanned in an upright orientation, meaning
patients who previously could not be scanned in a conventional �atbed scanner
can undergo 129Xe MRI imaging. These include patients in advanced stages
of many pulmonary conditions who cannot breathe lying down and those with
claustrophobia.

This thesis aims to investigate and improve the production and imaging of
HP 129Xe. The �rst experimental section (Chapter 3), investigates HP 129Xe
production using Rb and Cs to provide higher PXe for clinical imaging. These
investigations used in-situ Raman spectroscopy, NMR spectroscopy and atomic
absorption spectroscopy (AAS) to observe the kinetics of SEOP. The existing
experimental protocol was improved, and 129Xe SEOP was investigated under
a variety of experimental conditions including choice of alkali metal, gas mix,
oven temperature and pump laser. The second section (Chapter 4) involves the
redesign, rebuild and QA testing of a stopped-�ow clinical polariser based on
the XeUS design. The overall aim is to deliver a semi-automated stopped-�ow
polariser which can produce 129Xe with a high bulk magnetisation to replace
the continuous-�ow polariser in the QMC. This links to the third section, which
examines the production and imaging of HP 129Xe in the QMC (Chapters 5-8),
starting with the optimisation of the current Polarean 9810 clinical polariser to
best exploit a richer 3% Xe gas mix. HP 129Xe was produced for initial Xe
imaging on the Upright scanner, and a study using human volunteers to test a
new �exible chest coil was performed on the GE 1.5 T �atbed scanner.
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Chapter 2

NMR/MRI and
hyperpolarisation review and
techniques

2.1 Nuclear magnetic resonance to magnetic res-
onance imaging

2.1.1 Introduction

HP 129Xe images are acquired using MRI. This chapter starts with the basic
principles of NMR, moving through to generating MRI images.

2.1.2 Nuclear magnetic resonance

Nuclear spin and polarisation

Nucleons (protons, neutrons and electrons) have an intrinsic quantum mechan-
ical property called spin (I) [26]. The nuclear spins of individual protons and
neutrons have a spin of a half: either spin-up I = 1

2 or spin-down I = −1
2 . An

atomic nucleus is composed of neutrons and protons and therefore has a net spin
that is dependent on the number of constituent nucleons. Neutrons and protons
are fermions as they have a half-integer I, so their wavefunction must be an-
tisymmetric under particle exchange according to the Pauli exclusion principle
[27]. This means protons and neutrons �ll up each energy level within a nucleus
in proton-proton and neutron-neutron pairs before �lling the next energy level.
Within these pairs, one proton/neutron will be spin up and the other will be
spin down, resulting in a net I of 0 for each pair. The net spin of a nucleus is
therefore given by the number of unpaired nucleons within it. A nucleus with
an even number of neutrons and protons will have a net spin of 0. If the sum
of the protons and neutrons is odd, the nucleus will have a half-integer spin.
Finally, a nucleus will have a net integer spin if both the number of neutrons
and protons are odd [26].

The nucleus will have a magnetic moment (m) associated with its I given by
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Equation (2.1).
m = γI (2.1)

m is a vector which is used to measure how prone the nucleus is to interacting
with an external magnetic �eld. I and m are directly proportional and lie in
the same direction and are related by the gyromagnetic ratio γ, which is unique
to each atomic species. If the γ is positive, the vectors of m and I are parallel,
and if γ is negative, they are antiparallel. If I is zero then m will also be zero
and will not interact with an external magnetic �eld (NMR inactive). If I is
non-zero so is m and the nucleus is NMR active. The size of the m of nuclei
with equal I is proportional to the size of γ. Higher γ gives rise to higher NMR
sensitivity.

Due to the Heisenberg uncertainty principle, it is not possible to know ex-
actly what direction a nucleus's spin is pointing at a speci�c point in time. The
spin state of a nucleus is an eigenstate of the angular momentum along a de�ned
direction. An eigenstate is a measurable quantum property [28]. The number
of nuclear spin states (N) is given by Equation (2.2) and an example energy
level-splitting diagram is shown in Figure 2.1.

N = 2I + 1 (2.2)

Figure 2.1: This �gure shows the energy-level splitting for nuclei with I = 1
2

(black dashed lines), I = 3
2 (blue dashed lines) and I = 5

2 (red dashed lines).
The energy-level splitting is dependent on the strength of the magnetic �eld
[29].

Nuclei with the smallest non-zero spin (I = 1
2 ), such as 1H or 129Xe, have

two possible spin states. This is when the magnetic moment either aligns parallel
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to the magnetic �eld, also known as �spin-up� (I = 1
2 ), or anti-parallel, also

known as �spin-down� (I = −1
2 ). In a zero magnetic �eld, these two spin states

are degenerate, meaning it is not possible to measure the di�erence between
them. When subject to an external magnetic �eld (B0), the energy of the two
spin states is separated via Zeeman splitting and can be measured. This energy
di�erence between the two spin states scales with γ and B0 as shown in Equation
(2.3) where h̄ is the Plank's constant.

∆E = γB0h̄ (2.3)

The ∆E is equivalent to the energy change given in Equation (2.4) of an atomic
system when a photon is emitted due to relaxation.

∆E = h̄ω (2.4)

ω is the frequency of the photon. From the above two equations, the frequency
of precession of a nucleus about the B0 �eld can be found as shown in Equation
(2.5).

ωL = γB0 (2.5)

τ = mB0 (2.6)

ωL is the nuclei's Larmor frequency, otherwise known as its NMR resonance
frequency. This precession is due to the torque (τ) the B0 �eld exerts on the
nuclei's magnetic moment according to Equation (2.6). At this frequency the
energy transferred to the nuclei from an NMR coil's RF pulse is most e�cient.
This is because the alternating B1 �eld can generate an alternating current
through an NMR coil perpendicular to the B0 �eld. It must oscillate at or near
ωL to e�ciently transfer energy to the nuclei and tip the magnetisation of the
system into the transverse plane. If the B1's frequency does not equal the ωL,
it will shift in and out of phase with the nuclei spins and the energy transferred
to the nuclei will be vastly reduced. When the frequency of B1 is close to ωL,
resonance occurs, and energy transfer is more e�cient, with maximal transfer
occurring when the frequencies are equal.

The degree to which the nuclei are tipped into the transverse plane is depen-
dent on the strength and length of the pulse. Stronger, longer pulses transfer
more energy to the nuclei, resulting in a larger tipping angle.

The colinear magnetic moments of nuclei also tip into the transverse plane
with the spins. The precession of these magnetic moments causes the generation
of an alternating magnetic �eld in the transverse plane, which, according to
Faraday's law, generates a current in the coil. This makes it possible to detect
the NMR signal from excited nuclei.

The NMR signal will gradually die away as the transverse magnetisation
reduces due to relaxation. This is a process known as Free Induction Decay
(FID), an example of which is shown in Figure 2.2.
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Figure 2.2: Example FID signal

.

Spin-lattice relaxation

When energy is transferred to a nucleus and its magnetisation is tipped into the
transverse plane or even further to be anti-parallel to B0, the nucleus is in a
higher unstable energy state. Without further input of energy into the system,
the nuclei will relax and the longitudinal magnetisation Mz, parallel to B0, will
recover back to its original size. Mz increases with reducing energy as the nu-
clei statistically prefer the lower energy spin-up orientation which aligns with
B0. The overall net magnetisation M0 will eventually point in the direction
of B0, even though nuclei are mostly aligned in random directions due to the
Boltzmann distribution of their energies [30] . The recovery of Mz to M0 is
known as longitudinal or �spin-lattice" relaxation. This relaxation is the loss
of energy from the spins to the surrounding lattice, i.e. other molecules and
atoms. Energy transfer occurs through collisions, spin-rotation and electromag-
netic interactions. The energy is �nally lost from the system as heat. The time
constant (T1) of longitudinal relaxation is the time taken for Mz to reach 1

e of
M0 from 0. After �ve T1 intervals, Mz has almost fully recovered to M0.

The recovery of M0 is given by Equation (2.7).

Mz = M0(1− e
−t
T1 ) (2.7)

Spin-spin relaxation

The decay of signal seen in the FID is the reduction in transverse magnetisation
over time and it is known as transverse or �spin-spin� relaxation. If a 90-degree
RF pulse is given to a nuclear species inside B0, the original Boltzman distribu-
tion is rotated 90 degrees, with the net magnetisation now pointing into the xy
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plane (Mxy). Implicitly longitudinal relaxation causes a reduction in transverse
magnetisation as spins relax out of the transverse plane [31]. The net transverse
magnetisation can also reduce without longitudinal relaxation due to dephasing
of spins. This can happen due to nuclei being located in an environment where
the local magnetic �eld is slightly di�erent to B0 as a result of static �eld dis-
turbances from other molecule/atoms. Therefore, according to Equation (2.5),
nuclei will precess at slightly di�erent frequencies and dephase with each other,
resulting in the reduction of net Mxy. Transverse relaxation also occurs due to
dipolar interactions between spins, where spins will swap longitudinal magneti-
sation, with one another which contributes to a loss of coherence between spins
further, reducing Mxy [32].

The time constant for transverse relaxation (T2) is the time taken for Mxy

to fall to 1
e of its value after the RF pulse. The equations that describe the

progression of Mx, My and Mxy are given below in Equations (2.8), (2.9) and
(2.10).

Mx = Meqsin(ω0t)e
−t
T2 (2.8)

My = −Meqcos(ω0t)e
−t
T2 (2.9)

Mxy = −Meqe
−t
T2 (2.10)

In a system with a perfectly homogeneous B0 �eld, transverse relaxation is
dictated purely by the size of T2. In the case where the magnetic �eld has some
form of heterogeneity, there will be macroscopic di�erences in B0 in the �eld,
so the ωL will di�er slightly as a result. This di�erence will contribute to the
dephasing of transverse spins and therefore accelerate the transverse relaxation.
A new time constant, T ∗2 , takes into account these inhomogeneities and is given
by Equation (2.11), replacing T2.

1

T ∗2
=

1

T2
+

1

Tinhomogenaties
(2.11)

2.1.3 NMR spectroscopy

Signal processing

Turning the signal received by the detector coil into a usable NMR spectrum
requires signal processing. From the FID signal, it is possible to �nd the Lar-
mor frequency of the nuclei. High frequencies resulting from high B0 are usually
electronically mixed down by a carrier frequency to the order of kHz so they
can then be digitised by an analogue digital converter (ADC) and then Fourier
transformed by the spectrometer. A homogeneous sample will have a single
frequency. The signal, when Fourier transformed, results in a frequency spec-
trum with a Lorentzian peak about the Larmor frequency. If the sample is
heterogeneous, the NMR signal detected will be an interference pattern of all
the di�erent nuclei. The resultant spectra are complex with multiple peaks at
di�erent frequencies, representing di�erent elements and/or nuclei with di�er-
ing chemical shifts. The frequency of the oscillations of an FID depends on
the Larmor frequencies of the nuclei and therefore on the strength of B0. In
this thesis, the frequency can range from kHz to MHz for the low-�eld Raman
work and MRI work at higher �elds (0.5 T and 1.5 T respectively). The initial
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magnitude of the NMR signal is dependent on the bulk magnetisation of the
sample being excited, the �ip angle of the exciting pulse and the sensitivity of
the coil. Using NMR spectroscopy, it is possible to perform elemental analysis
on materials with an unknown make-up.

2.2 Magnetic resonance imaging

2.2.1 MRI introduction

While MRI utilises the same basic physics as NMR, it uses gradient �elds in
addition to B0 to change the local magnetic �eld strength at di�erent points
and times in the MRI imaging sequence. This spatially encodes the nuclei of
interest so that their signals can be used to create a �nal image or series of
images of the ROI.

The �rst examples of imaging using nuclear magnetic resonance were per-
formed by P. C. Lauterbur. Using a technique called �zeugmatography�, he was
able to resolve a simple 2D proton image of water within two glass tubes, built
up from 4 1D projections in the XY plane [33] he was later able to produce
the �rst image of a tumour in a live mouse [34]. Sir Peter Mans�eld proposed
a method of exploiting spin echoes in time-dependent magnetic �eld gradients.
He was able to observe and di�erentiate between signals from the di�erent spins
of the nuclei within a plane or multiple planes within the specimen [35]. The
�rst NMR image of a human was of the cross-section of a �nger created by Pe-
ter Mans�eld at the University of Nottingham. This image was taken with A.
Maudsley placing his �ngers into the sample space of a conventional iron electro-
magnet. With increased sample space size inside the main magnet, larger parts
of the human body could be imaged. The �rst full-body scan was performed by
Damadian et al. [36], taking 5 hours to acquire a low-quality image. The �eld
of MRI has moved on considerably since the early days, and this chapter will
layout current MRI hardware and imaging sequences.

2.2.2 MRI hardware

Main magnet

The main magnet in an MRI scanner polarises the sample within it, or in the
case of HP noble gases, maintains the polarisation of the gas. It also de�nes
the quantisation axis. A superconducting magnet is the most common type of
magnet used for clinical scanners [37]. For superconducting magnets, coils used
to create the magnetic �eld are immersed in a coolant of liquid helium which
brings the temperature down to 4.2 K. This eliminates the resistance in the wires
and enables �elds of up to 21.1T to be sustained [38]. This technology is used
in the General Electric (GE) 1.5T �atbed scanner used in the QMC. Permanent
magnetics are used for scanners with a weaker strength �eld, ≈ 0.5T or lower.
These can be cheaper to set up and run but have limitations due to their weaker
�eld and cannot be turned o� in the case of emergency. Another option is to
use a high-temperature superconductor like magnesium diboride, as used in
the Paramed 0.5T upright scanner in the QMC, preventing the need for liquid
helium to be used as a cryogen [39].
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Shimming magnets

Even with modern manufacturing techniques and tolerances, producing an MR
magnet with a homogeneous �eld is di�cult. Once the magnet is installed,
interference from metallic objects close by will further decrease �eld homogene-
ity. Shimming magnets are used to actively alter the �eld inside the bore of
the magnet to keep it as homogeneous as possible [40]. Shimming can also be
achieved passively with ferromagnetic material to improve the B0 �eld.

Radio frequency coil

RF coils transmit RF pulses into the area of interest within the patient and/or
receive the signal the excited nuclei give as they relax. Coils are more often
receive-only than transmit/receive as the scanner itself can excite the nuclei.
This allows the simpler receive-only coils to be used, although they have to be
detuned during excitation so as not to interfere with the RF excitation pulse.
RF coils come in a range of shapes and sizes to be used for imaging any part of
the human body. RF coils come in two modalities: volume and surface. Volume
coils are placed around the region of interest (ROI). Surface coils are placed
onto or near the area of interest. The advantage of using surface coils is that
their signal-to-noise ratio is higher (SNR). However, surface coils produce non-
uniform RF that drops o� in strength as the distance from the coil increases
[41]. A volume coil still experiences these e�ects, but within their volume, the
B1 is more uniform. The region of the patient being imaged is inside the volume
coil, where a more uniform �eld can be maintained [37].

Gradient coils

As discussed earlier in this section, the Larmor frequency of a nucleus depends on
the strength of the magnetic �eld that the nuclei is in, Equation (2.5). In order
to get positional data on the nuclei, the magnetic �eld must vary with position.
A gradient coil is used to create a magnetic �eld that varies with position in
one plane. By using three orthogonal gradient coils, the magnetic �eld can be
varied in the x-, y- and z-planes. From this, the positional information can be
used to generate a 3D image via MRI.

2.2.3 MRI sequence

Slice selection

When the z-gradient coil is switched on (z axis de�ned arbitrarily in line with
B0 generated by the main magnet), it generates a gradient �eld in line with B0.
Bz is higher at the head than the feet or vice versa depending on the direction
of the gradient. The nuclei experience di�erent Bz strengths, which means
they have di�erent Larmor frequencies spinning faster with a stronger Bz. The
slice selection gradient is turned on during the application of the RF pulse so
only one slice is excited, and during rephasing [42]. A speci�c slice has a centre
frequency (Fc) that determines the position of the slice. The span of frequencies
(∆F ) that makes up this slice is determined by the slice thickness (∆z). Figure
2.3 shows the range of frequency excited by di�erent RF pulses. Gaussian and
sync pulses are the most commonly used for slice-selective applications, with
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the sync pulses giving a more uniform excitation across the slice. If the RF coil
transmits the RF pulse at a speci�c frequency, only the nuclei with that exact
Larmor frequency are excited. A long rectangular wave only excites a single
frequency, and normally a short, strong rectangular pulse is used to excite an
entire sample with no gradients applied [43]. A sync pulse is a sine wave which
is amplitude modulated with the centre frequency of the slice acting as it base
frequency given in Equation (2.12) [42].

B1(t) = K
sin(∆Fπt)

∆Fπt
sin(2πFct) (2.12)

� B1 Magnetic �eld strength over time: B1(t)

� Frequency span: ∆F

� Central frequency: Fc

� Time: t

� Pulse amplitude: K

In a sync pulse, the range of frequencies within a slice is equal to the band-
width of the transmitted RF pulse. An ideal a sync pulse would excite all the
nuclei in a slice uniformly and do not a�ect nuclei outside the selected slice.
An ideal sync pulse is not possible as it would require an in�nite number of
side lobes, requiring an in�nite transmission time. Thus, the number of side
lobes are limited and digitally �ltered to get as close as possible to an ideal sync
pulse [42]. Therefore, when the excited nuclei relax from the sync pulse, only
that small slice along the z-axis in the x-y plane gives o� a signal. This allows
the operator to choose which point(s) along the z-axis of the body are excited,
known as slice selection [37].
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Figure 2.3: The slice excitation pro�les from di�erent RF excitation pulse shapes
[43]
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Phase encoding

Slice selection makes it possible to encode the nuclei's spatial information in
the z-axis. The next step is to encode spatial information along the y-axis by
changing the phase of the RF signal produced by the excited protons, which runs
anterior to posterior. The phase-encoding gradient (GPE) in the y-direction is
only turned on for a very short time. This makes the nuclei spin at a frequency
proportional to �eld strength along the gradient. Once the GPE is o�, all
the nuclei in the slice go back to being exposed to the same magnetic �eld
strength. Therefore, the nuclei all precess at the same frequency. However,
because of the GPE, the nuclei that were precessing quicker are now ahead
of the nuclei that were precessing more slowly. This causes the nuclei to be
phase-shifted relative to one another depending on their position in the y-axis
[44]. See Figure 2.4 for a simple example. With a single-phase encoding step,
it is not possible to discern the location of nuclei in the y-axis. Signals with
di�erent phases added together result in a �nal signal where the signals from
each nucleus constructively and destructively interfere. However, from this, it
is not possible to discern the location of the individual contributions along the
phase-encoding axis. Exciting the same slice with a di�erent phase-encoding
gradient now means the �nal signal has been changed because a di�erent phase
has been introduced between the nuclei. The di�erences in the �nal signal and
knowledge of the phase encoding gradient strength make it possible to discern
the contribution and position of the nuclei along the y-axis.

Each line of pixels in the �nal MR image requires a unique phase-encoding
gradient for each phase-encoding step. The MR signal is sampled from each
phase-encoding step at a regular frequency. A �xed frequency-encoding gradi-
ent is also applied during readout. Frequency encoding is explained further in
the next section. Each time the signal is sampled, it will have both real and
imaginary components with unique phase and frequency information which �ll a
frequency domain matrix known as k-space. Each point in k-space holds all the
speci�c frequency and phase information for each pixel in the �nal image. The
centre of k-space holds the contrast information and the edges of k-space hold
the high-resolution information for the �nal image. K-space can be �lled in any
order and does not need to be totally �lled depending on the contrast, resolution
and acquisition speed required. The most common and simplest method of �lling
k-space is line by line, which is known as Cartesian �lling. Each phase-encoding
step �lls an entire line in k-space. As a simpli�cation of Cartesian, k-space
�lling is shown in Figure 2.5. Other �lling methods include radial, spiral and
zig-zag, among other compressed sense methods where k-space is under-sampled
for various reasons, including faster acquisition speed and mitigation of motion
artifacts. Once k-space has been �lled, a 2DFT converts the k-space data into
the �nal image [45]. Now that the nuclei have been phase encoded, they have
spatial information in both the y- and z-axis.
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Figure 2.4: Phase shift example: The black line is the original precession fre-
quency of the slice. An RF gradient is applied, and the green and purple lines
show where the precession frequency has changed depending on the position
along the phase-encoding direction. When the RF gradient is switched o�, the
nuclei return to their original frequency (red and blue lines) with an acquired
phase shift between nuclei depending on their position.
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Figure 2.5: A simpli�cation of cartesian k-space �lling for three di�erent phase
encoding steps. A) Each phase-encoding step will introduce a di�erent phase
between the nuclei and therefore have a unique echo. These echoes are sampled
at a set frequency while the frequency-encoding gradient is applied. B) Each
sample of the signal has a unique phase and frequency value and �lls a point in
k-space. Every phase-encoding step �lls a new line of k-space. C) Once k-space
has been �lled, a 2DFT converts the frequency and phase information into the
�nal image.

Frequency encoding

This is the �nal positional encoding step, acquiring the spatial information along
the x-axis. The gradient coil now varies its strength along the x-axis during
readout. Therefore, the Larmor frequency of the slice selected varies along the
x-axis. This makes it possible to pinpoint where a signal came from on the
x-axis. Combining all three positional encoding steps, the precise region where
an RF signal originates can be determined. This is because every voxel now has
a di�erent frequency and phase [37].

Pulse sequence

A pulse sequence is a series of di�erent pulses and changing magnetic gradients
that provide the spatial information to generate an MRI image. It is comprised
of RF pulses, the switching of gradient coils, and signal collection. Using the
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correct pulse sequence and optimising it is vital for imaging di�erent regions and
pathologies. Whether a sequence is T1 or T2 weighted dictates if the contrast
and brightness of the image is governed by the T1 relaxation properties of the
tissue or the T2 properties [46]. Adjusting pulse sequence parameters can reduce
the signal from fat, so it is easier to see the pathology of the patient [47]. Water
signals can also be suppressed [48]. It is also possible to image tissue using
di�usion-weighted imaging (DWI) [49]. Molecules such as water can be used in
DWI to detect and access the size of tumours [50] or identify a stroke [51]. It
is very important to have the right sequence for the job. Pulse sequences vary
in complexity. To better understand pulse sequences, two fundamental pulse
sequences are discussed below [37].

Spin-echo sequence

A spin-echo (SE) sequence is one of the most frequently used types of pulse
sequences. A 90o RF pulse is used to excite to the protons. Immediately after
the RF pulse, all proton vectors in the x-y plane are in phase, and the signal is
at its maximum. After a 90o pulse, T ∗2 relaxation causes the nuclei to dephase,
reducing the overall magnitude of the signal. After a time (t), a 180o pulse is
then applied, rotating the magnetisation of the nuclei by 180 degrees. Protons
that were precessing faster and in front while dephasing are now behind and vice
versa for slower spins that were lagging behind. This means the faster-precessing
nuclei catch up to the slower-precessing nuclei. After another t, the proton
vectors will all be in phase with one another.This means the x-y magnetisation
lost by Tinhomogeneities relaxation is regained as it is symmetrically reversible
and the signal is at its maximum, giving a spin-echo that can be detected. The
signal is not as high as after the initial 90o RF pulse because of non-recoverable
T2 relaxation. There can be further losses in the signal of the spin-echo above
the T2 relaxation due to random di�usion of the nuclei. Should nuclei di�use to
other regions with di�erent magnetic �eld strengths, the exact rephasing process
described above would not occur as nuclei that di�used will precess at di�erent
frequencies between the 90o and 180o RF pulses [52]. The time between the 90o

RF pulse and the echo is the echo time (TE). The 180o is applied at TE
2 . A

single TE sequence is given below in Figure 2.6.
The magnetisation in the z-axis is regained via the T1 relaxation process.

However, within a live patient, the T1 time constant is longer than T2. As
a result, z-magnetisation is recovered over a longer period. This means that
there is a minimum repetition time (TR) between 90o pulses to regain enough
magnetisation for there to be no degradation in the signal strength. TR is an
in�uential variable on the contrast of the �nal image and the image acquisition
time. SE sequences or sequences based on the fundamental SE sequence can
image a range of pathologies. T1 weighted SE can be used after a Gadolinium
(Gd) contrast agent has been administered to a patient. T1 relaxation drops
with increased concentrations of Gd and can be used for lesion detection as
there is signal enhancement from the uptake of the Gd contrast agent [53]. SE
imaging allows imaging with T1, T2 and proton density contrast. SE sequence
variants are used to image almost all regions of the body [53]. SE can also be
used to produce Di�usion weighted (DW) images which is explored in greater
depth in Section 2.5.4.
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Figure 2.6: Graph to show the RF pulses and signal from a single spin-echo
cycle

Gradient-echo sequence

In a gradient-echo (GE) sequence, gradient �elds are used to dephase and
rephase transverse magnetisation. The gradient speeds up the dephasing of
the transverse magnetisation by increasing T ∗2 relaxation. A rephasing gradient
is then applied to the sample after a set time. The rephasing gradient has the
same strength as the dephasing gradient but with the opposite polarity. This
rephasing gradient recovers the signal lost by the dephasing gradient, causing
a gradient echo, as shown in Figure 2.7. This echo is smaller than the original
signal, as T2 and T ∗2 are una�ected. The �ip angle of the GE sequence does
not have to be 90o like the SE sequence. Instead, it can take any value [37]. If
a 90o pulse is not used, not all the longitudinal magnetisation is killed, so the
build-up time to recover this magnetisation is quicker. The FA of the �rst pulse
is typically 90o in proton imaging, where magnetisation is recoverable. For HP
work where the magnetisation is non-recoverable, a lower �ip angle is used.[37].
Smaller �ip angles only partially tip the z-magnetisation into the x-y plane so
can preserve magnetisation.

If the TR is short, the protons do not have time to fully recover between
pulses. The maximum signal is achieved when the FA is equal to the Ernst
angle [54] and allows more rapid TR while maximising signal. As a result,
subsequent pulses can be taken closer together, reducing scan times. Moreover,
GE sequences can be weighted to select the contrast. Unlike SE, the local
inhomogeneities in the magnetic �eld are not taken into account and corrected.
This leads to artefacts in the �nal image, which can make it harder to interpret.

αE = arccos(e
−TR
T1 ) (2.13)

� Repetition time: TR

� Longitudinal relaxation time constant: T1
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Figure 2.7: A diagram to show how gradient-echo sequence is performed

Fast GE is the basis for a wide range of clinical applications and can create
good-quality images with fast acquisition times [55]. T ∗2 weighted GE sequence
sensitivity can be used in functional MRI (fMRI) in which blood oxygenation
levels lead to T ∗2 changes. Therefore, it can be used to detect microbleeds in the
brain after a stroke [56] and can also map cerebral blood �ow [57]. RF-spoiled
GE imaging can be used to assess myocardial perfusion [58]. Many pathologies
can be observed by using sequences based on the basic GE sequence.

2.3 Thermal polarisation

The nuclear spin numbers of 1H and 129Xe, which are of particular interest to
this thesis, are both 1

2 . This means the number of possible orientations those
nuclei can occupy in an external magnetic �eld is two. The two directions are
either parallel to the �eld (spin-up) or anti-parallel (spin-down). Parallel nuclei
have the lower energy state of the two. The di�erence between these populations
is what dictates the polarisation (P) of the population as a whole.

P =
N↑ −N↓
N↑ +N↓

(2.14)

N↑ and N↓ respectively represent them = 1
2 andm = − 1

2 magnetic quantum
numbers, m = 1

2 being the parallel energy state and m = − 1
2 anti parallel.

These are the only two energy levels that nuclei with I = 1
2 can take according

to Equation (2.2).
For a I = 1

2 nuclei, the di�erence in energy between the two energy levels
is given as a product of the �eld strength (B0) and the gyromagnetic ratio of
the nuclei as described in Equation (2.3).The signal observed during NMR and
MRI experiments is from the bulk magnetisation Mo of the sample. This is a
product of the polarisation of the sample and the number of nuclear spins (Ns).

Mo =
1

2
Nsγh̄P (2.15)
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When performing NMR or MRI on a spin system at thermal equilibrium, the
polarisation is dictated by the B0 �eld strength and the temperature (T) of the
system. For a system where I = 1

2 , P is given by Equation (2.16).

P = tanh(
γh̄B0

2kT
) (2.16)

� Boltzman constant: k

� Temperature: T

� Magnetic �eld strength: B0

� Thermal polarisation: P

When x approaches zero tahn(x) approaches x. Therefore, Equation (2.16)
can be approximated as (2.17).

P ≈ (
γh̄B0

2Kt
) (2.17)

Therefore, according to Equation (2.14):

(
γh̄B0

2Kt
) ≈ N↑ −N↓

N↑ +N↓
(2.18)

It is possible to calculate the ratio of N↑ to N↓ within a system at thermal
equilibrium using Boltzmann statistics. This ratio is a function of ∆E , T and
k.

N↑
N↓

= e∆E/(kT ) (2.19)

This can be approximated to the �rst two terms of the exponential series,
meaning:

e∆E/(kT ) ≈ 1− ∆E

kT
(2.20)

In a magnetic �eld of 1 Tesla ∆E = -1.76x10−7eV at room temperature [59],
the ratio is 0.9999956. The excess of protons in the N↑ is therefore approxi-
mately 4 in one million, giving a very small thermal polarisation. However, the
acquired signal is not based purely on polarisation, and it is also based on the
number of nuclear spins i.e. molar concentration. For example, in proton MRI
imaging of a human body, the number of nuclear spins is high. This means the
bulk magnetisation is enough to yield a su�cient signal for imaging. As gases
like HP 129Xe have a much lower density than a solid, a few methods can be
employed in order get the bulk magnetisation required to produce a useable
signal from thermal polarisation. The magnetic �eld strength can be increased.
Normal clinical scanners have a �eld strength of between 0.2T and 3T, with
some experimental scanners capable of >12T. The higher the �eld, the higher
the costs of the scanner or system and the physiological e�ects on the human
body increase at high B �elds, reducing patient acceptability [60].

Another option is to lower the temperature to almost absolute zero. This
however increases experimental complexity and cost. It is also not possible

26



to image living subjects at this temperature. The other option is to average
numerous scans to bring the NMR water signal out of the noise �oor, but this can
be very time consuming and impractical for human subjects using these methods
together is a known as brute force polarisation (BFP) [61]. The next section
discusses other methods, which brings the system out of thermal equilibrium to
achieve polarisation far in excess of thermal levels.

2.4 Hyperpolarisation

2.4.1 Introduction

When a spin system is driven out of thermal equilibrium, it enters a state
called hyperpolarisation. The intensity of the signals from HP systems is larger
than thermal polarisation by several orders of magnitude. This is used to over-
come the sensitivity problem that many NMR/MRI techniques face. There
are many methods used to achieve hyperpolarisation of gases and liquids, BFP
[61], dynamic nuclear polarisation (DNP) [62], signal amplitude by reversible
exchange (SABRE) [62], parahydrogen induced polarisation (PHIP) [62, 63, 64]
and metastability exchange optical pumping (MEOP) [65, 66]. These techniques
are described below but SEOP is discussed in greater this section as it is the
hyperpolarisation technique used in this thesis.

2.4.2 Brute force hyperpolarisation

In BFP, the sample is cooled to a very low temperature in a high strength
magnetic �eld. A high nuclear spin can be achieved under these conditions
according to Equation (2.17). This is currently still thermal polarisation (pre-
polarisation), albeit at more extreme conditions. The sample is considered hy-
perpolarised when it is returned to standard temperature and pressure condi-
tions. This comes with its challenges, as polarisation losses must be limited
while transferring the material from the magnetic �eld where it is polarised to
the �eld where it is detected. The time between dissolution and detection must
therefore be kept to a minimum.

Large enhancements have been found when the pre-polarisation B0 �eld is
maximised and the temperature is very low. For example, the 13C polarisation
was found to be greater than 0.1% using a B0 = 14T at a temperature of
2.3K. This is using small molecule metabolites such as 1-13C-pyruvic acid [67].
Furthermore, the timescale of polarisation build-up under low temperatures is
≈ 101 to ≈ 102 hours, which can be reduced by the use of nanoparticle agents
[67]. Even though 13C is the main molecule of interest due to its use in imaging
metabolic cancer [68], BFP can be used to hyperpolarise any nuclei with a
non-zero spin.

2.4.3 Dynamic nuclear polarisation

DNP is another technique that can be used to hyperpolarise 13C. DNP was
�rst performed on liquids by Albert Overhauser [69]. The core of DNP is based
around a mechanism called the nuclear Overhauser e�ect, which transfers the
higher electron spin-polarisation to a nuclear spin using microwave radiation.
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This in turn hyperpolarises the nuclear spins of the target nuclei. The theoretical
maximum of this polarisation enhancement is given by Equation (2.21).

Enmax =
γe
γn

(2.21)

� Gyromagnetic ratio of the electron: γe

� Gyromagnetic ratio of the nucleus: γn

For protons, the maximum enhancement factor is 660 and can be even higher
for other nuclei. DNP can occur in liquids and solids, with one of the methods
of spin transfer in solids being called the �solid e�ect�. The solid e�ect is best
described as a three-step process. The electron spins are polarised via brute
force methods, lower temperatures <1.5K and higher magnet �eld strengths.
The polarisation is then transferred to the local nuclear spins via microwave
pumping. Nuclear spins transfer from local nuclei to those further away via
nuclear spin di�usion. This builds up nuclear polarisation while competing
against nuclear spin-lattice relaxation [70], as shown in Figure 2.8. Once the
nuclei are polarised, the sample is removed from the polariser and rapidly thawed
into a liquid. From there, it is transported and injected into its target, known as
dissolution DNP. Dissolution DNP was the �rst method used to image prostate
cancer in-vivo using 13C-pyruvate [68]. DNP is currently able to achieve between
15-20% polarisation in 13C-pyruvate. The disadvantage of DNP is that it is
costly, requiring bespoke machines and using specialised components to ensure
samples are sterile when they are delivered in-vivo. This makes scaling up
production very hard. Additional complications arise because of the fast T 2

relaxation of the liquid samples, which means they have to be delivered to the
patient very quickly. Any mistakes or delays can therefore render the samples
unusable.
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Figure 2.8: This �gure shows the di�erence in polarisation between electrons
and 1H and 13C nuclei. DNP allows the exchange in polarisation from electron
spins to nuclear spins [71]

2.4.4 Parahydrogen-induced polarisation

Molecular hydrogen (H2), the basis for PHIP, does not exist in one state. It
can be one of four nuclear spin isomers in two di�erent states: ortho and para.
This is determined by the symmetrisation principle in quantum mechanics [72],
which dictates that the overall wave function has to be antisymmetric under
the exchange of nuclei. The H2 antisymmetric rotational states are associated
with symmetric nuclear spin states, otherwise known as �ortho�. The opposite is
true of symmetric rotational states that must be associated with antisymmetric
nuclear spin states, known as �para�. Orthohydrogen can be any of three spin
state terms: ↑↑, ↑↓ + ↓↑, ↓↓. Parahydrogen can only occupy one spin state:
↑↓ + ↓↑. These four states are equally populated at room temperature according
to the Boltzmann distribution. The ratio of orthohydrogen to parahydrogen is
3:1 [73]. Reducing the temperature in the presence of a catalyst allows the H2

population in the higher energy ortho states to move the lower energy para
states [74]; see Figure 2.9. As the transition between ortho and para states is
forbidden once the catalyst is removed, the parahydrogen molecules are long-
lived so there is time to attach them to a suitable target molecule and then use
the molecule for various experiments.
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Figure 2.9: Parahydrogen fraction at di�erent temperatures, with a suitable
catalyst present. 1) At low temperatures, the composition is almost purely
parahydrogen. 2) As the temperature is increased, the 3:1 ratio is reached
asymptotically. 3) 3:1 ratio at room temperature [75]

A large population of parahydrogen is useful for polarisation because the
singlet nuclear spin order of parahydrogen can be converted into nuclear spin
magnetisation. This is achieved by adding the parahydrogen to a molecule that
has an unsaturated carbon-carbon bond for the hydrogenation reaction to take
place. The polarisation build-up rate is limited by the reaction rate between the
parahydrogen and carbon molecules. A catalyst is used to increase the reaction
speed so it occurs of a reasonable time scale. Typically, the catalyst contains
rhodium [76]. In contrast to many hyperpolarisation methods, the equipment
used for PHIP can be made with o�-the-shelf components simply and cheaply,
an example of which can be found in a paper by S. Kadlecek et al. [77].

2.4.5 Signal amplitude by reversible exchange

A variant of PHIP is SABRE, which uses a metal catalyst to transfer the po-
larisation from parahydrogen to hyperpolarised substrate. The transfer occurs
through the scalar coupling network [78]. Critically, this does not chemically
change the target molecules [79]. Figure 2.10 shows how the SABRE catalytic
cycle works.
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Figure 2.10: Diagram of a SABRE cycle. [80]

The problem is that most of the catalysts that work with substrates of
biological relevance are heavy metals, which is a signi�cant issue for SABRE
for in-vivo applications. This means the catalyst is toxic, which has been a
limiting step for in-vivo work [81]. There have been recent e�orts to remove
the toxic catalysts from the substrate without losing hyperpolarisation. Work
by B. Kidd et al. has reported being able to remove an iridium catalyst from
hyperpolarised metronidazole using SiO2 microparticles, all while preserving
the hyperpolarisation [82]. This means SABRE is moving closer to becoming
practical for a clinical setting.

2.4.6 Metastability-exchange optical pumping

MEOP is used to hyperpolarise He3 and 21Ne [83]. MEOP occurs in a uniform
magnetic �eld, and the optical pumping is performed using circularly polarised
light. A percentage of the He3 is promoted into a higher-energy state using a
secondary laser. The excited nuclei then relax via a radiation cascade to the
23S1 metastable state. The pumping laser is set to a frequency of 1083 nm,
which allows the transition between the metastable state and an excited state
to be optically pumped using the same mechanics as SEOP. Optical pumping is
described in 2.4.7. This hyperpolarises the metastable He3. The polarisation is
transferred from the metastable He3 to the He3 population in the ground state
via metastability exchange collisions [65].

The issue with MEOP is that, to allow RF discharge to create the metastable
states, it has to be performed under gas low-pressures [65]. Polarisation losses
occur when re-compressing the gas to a workable pressure for in-vivo work [84]
or neutron scatting experiments [85] and the equipment required to perform this
re-compression adds to the complexity and cost of the technique. Additionally,
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MEOP can only be used to polarise He3. Although HP He3 is popular for use in
HP noble gas MRI, 129Xe does provide some advantages over He3. A detailed
comparison between the two gases is set out in Section 2.5.4

2.4.7 Spin exchange optical pumping

The most common method used to hyperpolarise 129Xe is SEOP. This is the
hyperpolarisation method used throughout the work in this thesis; thus, SEOP
is discussed in greater detail.

In SEOP, an alkali metal vapour, typically rubidium (Rb), acts as an in-
termediate step between the polarising laser light and 129Xe. Rb has a low
melting point of 39 C and can be easily vaporised at moderate temperatures
under pressure. if this occurs in a magnetic �eld and the Rb vapour irradiated
with circularly polarised light, it is possible to polarise Rb electrons [15]. The
Rb electrons absorb the circularly polarised photons when they are resonant
with the D1 transition line 794.77nm at atmospheric pressure [86]. In this in-
teraction, angular momentum also needs to be conserved in addition to energy.
The ground state and its excited state both have a total angular momentum of
1
2 . The Rb 52S 1

2
ground state and 52P 1

2
excited state are split by the static

magnetic �eld because of the Zeeman e�ect, so both ground and excited states
can be spin up or spin down [16]. Depending on whether the light is circularly
polarised left-handedly or right-handedly, one of the ground states, (mj = 1

2 )
or (mj = −1

2 ) electron population will absorb the resonant photons. This is
because of momentum conservation. A circularly polarised photon has the +h̄
angular momentum and can therefore only excite a spin down electron in the
ground state and, as momentum is conserved, the electron is excited to a spin-up
excited energy state. It is not possible to excite the spin-up ground state elec-
trons as angular momentum is not conserved. The inverse is true if the photon
is circularly polarised in the other direction. This means only one spin-up or
spin-down electron population can be excited with the magnetic �eld applied.

The populations of the two virtual excited states equilibrate due to collisional
mixing. Eventually, these electrons relax back down into the corresponding
ground states. Only one ground state is being excited, so electrons build up
in the opposing ground state, and the stimulated ground state's electrons are
depleted. It is easiest to visualise this as �lling two half-full buckets at the same
rate using the water taken from one of the buckets. Eventually, one bucket is
empty and the other full. An energy level diagram is shown in Figure 2.11.
Optical pumping can create near-unity polarisation of Rb electrons.

The Rb polarisation rate is given by:

PRb =
γOP

γOP + ΓSD
(2.22)

� Optical pumping rate: γOP

� Spin destruction rate: ΓSD

The spin destruction rate is depolarisation rate of the Rb from binary col-
lisions and van der Waals molecule formation. The amount that the binary
collisions contribute to spin destruction is given by Equation (2.23) [87] .

ΓbinarySD =
∑
i

[Gi]κ
Rb−i
SD (2.23)
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Figure 2.11: Energy-level diagram for Rb optical pumping

� The spin destruction coe�cient with nuclei �i�: κRb−iSD

� Atomic number density of each gas: [Gi]

The highest spin destruction coe�cients in a typical cell are between Rb and
Rb. The next highest is Rb and 129Xe. The bu�er gases N2 and 4He have spin
destruction coe�cients 3 and 4 orders of magnitude lower respectively. This
means that for a reduced SD rate, it is best to have a gas mix that is as low
in 129Xe as possible. This will increase the �nal polarisation but at the cost of
bulk magnetisation.

The contribution of spin destruction from van der Waals molecule formation
has a pressure-dependent component. The interaction time is decreased by
bu�er gas pressure. This is because collisions that cause molecule break up
increase. For a gas mix with Xe, N2 and 4He, the van der Waals spin destruction
is given by Equation (2.24) [87].

ΓvdWDS = (
66183

1 + 0.92 [N2]
[129Xe] + 0.31 [He]

[129Xe]

)(
T

423K
)−2.5 (2.24)

� Gas number density of X: [X]

The total optical pumping rate of the Rb is given by Equation 2.25 [88].

γOP (z, r, v) =

∫ ∞
0

Φ(z, r, v)σo(v)dv (2.25)

� Photon �ux at postion (z,r) in the cell per unit frequency: Φ(z,r,v)

� alkali line absorption cross section: σo

σ0 =
2cref

γ
(2.26)

� Speed of light: c
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� Electron radius: re

� Oscillator strength: f

� Lorentzian: γ

The FWHM of γ is dependent on the gas mix and pressure inside the cell.
The Rb cross-section can be pressure broadened, which means that at higher
pressures its FWHM gets larger [89]. This means a greater range of photon
frequencies can be absorbed, increasing the optical pumping rate. This is more
useful with broadband lasers, as frequency narrowed lasers were uncommon in
the early days SEOP development.

The second step of SEOP is spin exchange. The polarised Rb transfers its
polarisation to the nuclei of 129Xe via spin-exchange collisions. These collisions
are either binary collisions or molecular collisions. Binary collisions are just
between Rb and 129Xe. An interaction between a spin-up Rb electron and
spin-down 129Xe nuclei will, via a fermi hyper�ne interaction, cause the spin
directions to swap. The previously polarised Rb is now spin-down and can be
polarised again by photons from the pump laser. Molecular collisions involve Rb,
129Xe and N2. These collisions form weakly bonded van der Waals molecules
between Rb and 129Xe. Another collision with N2 breaks up the short-lived van
der Waals molecule and has the same e�ect as the binary collisions. See Figure
2.12

Figure 2.12: Binary collisions and molecular collisions

The sum of these two collisions dictates the polarisation build-up rate.

γSE = γbinSE + γvdWSE (2.27)

After the Rb exchanges its spin to the 129Xe via these collisions, it can then be
repolarised and then undergo collisions with another 129Xe nuclei. This allows
the PXe to build up as this cycle repeats (see Equation (2.28)) [20].

PXe(t) =
γSE

γSE + Γ1
(PRb)(1− e−t(γSE+Γ1)) (2.28)
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� Time in cell: t

� Relaxation rate in the cell: Γ1

The relaxation rate is partly dictated by the dipole interactions of 129Xe with
paramagnetic centres in the the walls of the cell. This can be found as the
inverse of the T1 relaxation constant of the cell. The T1 time of the cells can be
increased with siliconising �uid, which forms a siloconised surface on the inner
cell wall, which act as a barrier between the polarised 129Xe and paramagnetic
centres in the glass. This has the e�ect of increasing the speed of polarisation
and also increases the time the HP 129Xe can be left in the cell before extraction
after SEOP has ceased.

2.4.8 Continuous-�ow spin-exchange optical-pumping

The physics of SEOP are universal regardless of whether the polariser is op-
erating continuous- or stopped-�ow. There are some extra considerations in a
continuous-�ow polariser, where the gas is constantly �owing through the opti-
cal cell during SEOP, which can a�ect the �nal PXe which are not present in
a stopped-�ow polariser, where the entire gas mix remains in the optical cell
during SEOP.

The �nal polarisation (PXe) after a time (t) in a continuous-�ow polariser is
the polarisation of the gas after it leaves a cell, which depends on the residence
time inside the cell (tcell) [90].

PXe(tcell) =
γSE

γSE + Γ1
(PRb)(1− e−tcell(γSE+Γ1)) (2.29)

tcell is dependent on the volume of the cell (Vcell), the �ow rate of the gas (F)
and the pressure of gas in the cell (pcell). This relationship is given by Equation
(2.30), and the standard pressure (ps) is de�ned as 760 Torr for all gases, which
is approximately Earth's atmospheric pressure at sea level [91].

tcell =
Vcell
F

pcell
ps

(2.30)

The spin up time τSU is given as:

τSU =
1

γSE + ΓSD
(2.31)

Therefore using 2.30 and 2.31, 2.29 can be rearranged in terms of �ow rate [90].

PXe(F ) =
γSE
τSU

(PRb)(1− e−
Vcell
F

pcell
psτSU ) (2.32)

This gives a critical �ow rate, where the the tcell is the same as τSU .

Fcrit =
Vcell
τSU

pcell
ps

(2.33)

Substituting 2.33 into 2.32 gives [90]:

PXe(F ) =
γSE
τSU

(PRb)(1− e−
Fcrit
F ) (2.34)
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The polarisation that can be achieved is maximal when the �ow rate is zero.
The faster the �ow rate, the lower the residence time in the cell. This decreases
to 0.63 of the maximum polarisation when the �ow rate is equal to Fcrit. With
increasing temperatures, Rb vapour density increases and so does γSE and the
size of Fcrit. At higher temperatures, spin destruction and 129Xe T1 relaxation
also increases and the maximum polarisation that can be achieved decreases.
Therefore, there is an optimum regime where the required gas volume can be
collected in a reasonable amount of time with su�cient polarisation [90].

Equation (2.34) gives the polarisation leaving the cell, although this is not
the �nal polarisation seen in the bag. During the cryo-collection and storage
process, the HP 129Xe is depolarising. The formula for T1 relaxation must be
modi�ed to account for the storage time of the gas being longer at the start
of the collection compared to at the end [92]. T1s is the T1 relaxation time of
129Xe in solid form (150 minutes in the 9810 storage �eld [92]) and the total
collection time is given by tc, which is the time gas is �owing through the cell
and being cryo-collected.

PXe(tc) =

∫ tc

0

t

tc
P0e

−t
T1s dt (2.35)

This can be solved to give.

PXe(tc) = P0
T1s

tc
(1− e

−t
T1s ) (2.36)

As before tc and T1s can be re-arranged in terms of �owrates.

Fc =
Vcell
tc

pcell
ps

(2.37)

FT1 =
Vcell
T1s

pcell
ps

(2.38)

The relaxation of 129Xe can therefore also be expressed in terms of �owrate.

PXe(F ) = P0
FT1

F
(1− e

FT1
F ) (2.39)

Putting both the polarisation from Equation (2.34) and relaxation in Equation
(2.39) together gives.

PXe(F ) =
γSE
τSU

(PRb)(1− e−
Fcrit
F )

FT1

F
(1− e

FT1
F ) (2.40)

This can be approximated to:

PXe(F ) ≈ (PRb)(1− e−
Fcrit
F )(1− e−

FT1
F ) (2.41)

Equation (2.41) does not take into account the reduced T1 time when the 129Xe
is deposing from a gas to a solid and back [93], nor the relaxation in earth's �eld
when passing through the outlet manifold. Therefore, given the time limitations
of a clinical environment, �nding the optimal settings for a continuous-�ow
polariser requires a practical investigation.
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2.4.9 Bu�er gases

Historically in 129Xe SEOP, two bu�er gases were also added to the gas mix:
N2 and 4He. The main purpose of N2 is to perform radiation trapping, which
reduces the depolarisation of alkali metals by collisionally quenching the emis-
sion of resonant photons from the relaxation of excited alkali metal atoms. Due
to the random relaxation of excited alkali metal, the polarisation of the emitted
photons is also random, meaning the emitted photons can go on to depolarise
polarised alkali metal vapor if the N2 is not present in su�cient quantities. N2

can also be used to pressure-broaden the absorption lines of the alkali metal.
However, the increased number of N2 atoms also contributes to increased spin-
destruction. Pressure broadening allows for better coupling between the OP
laser and the alkali metal D1 or D2 lines. 4He was also added in large amounts
(≈ 6− 10 amg) to collisionally broaden the absorption lines of the alkali metal.
It has a smaller spin-destruction rate (3.45 × 10−19cm3s−1) compared to N2

(3.44× 10−18cm3s−1) [94]. The broadening e�ects of the bu�er gas were much
more important early in the exploration of SEOP when OP laser linewidths were
≈ 10 times wider than those that can be achieved with current laser technology.
Now that OP laser line widths are close to the D1 linewidths, the utility of 4He
in pressure broadening to achieve optimal polarisation is greatly diminished.

Each transition has a natural linewidth at absolute zero, given by the Heisen-
berg uncertainty principle shown in Equation 2.42 [95].

∆E∆t ≥ h̄

2
(2.42)

� Energy uncertainty ∆E

� Lifetime of the state ∆t

� Reduced Plank constant h̄

At non-zero temperature, the Rb vapour atoms will have random thermal
motion, so will see either red- or blue-shifted photons, further broadening the
line width as the Rb vapour temperature rises. With increased gas pressure,
there are also more collisions with the Rb so ∆t reduces and further increases
∆E, pressure broadening the linewidth.

2.5 Hyperpolarised gas MRI

2.5.1 Introduction

This section looks into the background of HP gas MRI development, in particu-
lar looking at alternate ways of obtaining functional and structural information
about the lungs and why di�erent methods are needed. It then covers why
HP gas MRI is used in place of conventional proton MRI in certain situations
and which gases are best suited for this role. Finally, the most common MRI
sequences used in HP 129Xe imaging are discussed.
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2.5.2 Alternatives to MRI

The current standard procedure to measure lung function is spirometry. This in-
volves patients exhaling into a tube with basic monitoring equipment attached.
The most common measurements are forced expiratory volume in one second
(FEV1), the amount of air forcibly exhaled in one second and forced vital capac-
ity (FVC), which is the total amount of air a patient can force from their lungs
[4]. Spirometry is only able to give a global measurement of lung function for
clinical sta� to interpret, so cannot give any localised structural, or functional
information. It can only detect substantial changes in lung function, which may
delay detection of lung diseases limiting the treatment options available.

Another method used for lung imaging is CT. CT works by combining a set
of x-ray images that pass through the body at di�erent angles. These x-rays
are combined by using a computer to build up a series of image slices through
the body.

Although CT scans can produce high-resolution images of the lung tissue
and structure, x-rays are a form of ionising radiation. As the major lung and
brain diseases are chronic, many images need to be taken over the patients'
lifetimes, which increases the risk of side-e�ects caused by ionising radiation,
such as cancer. As limiting radiation exposure is a priority in health care, the
amount of times a patient can be imaged is limited, and the cohort that can be
imaged with CT is also reduced.

2.5.3 Conventional MRI imaging

Conventional MRI in-vivo images protons within the body, which are abundant
in tissue. Compared to other organs and tissues in the body, however, lungs
have a very low proton density [96] and the airways even less. This is why,
in conventional proton MRI images, the lungs are dark areas lacking in signal.
The lungs' inherent heterogeneous structure also induces magnetic �eld inho-
mogeneities, leading to a short T ∗2 [97]. This creates magnetic susceptibility
artefacts, further reducing image quality. It is not possible to image the gas in
the lungs with conventional proton MRI either as there are so few protons to
image.

2.5.4 Hyperpolarised gas MRI imaging

Gases

Many of the problems conventional proton MRI have in the lungs can be cir-
cumvented using an external gas acting as a contrast agent. If a gas is inhaled,
it can be used to image the airways of the lungs instead of the lung tissue itself.
The problem with using a gas as a contrast agent is that its density is ≈1000
times smaller than protons found in human the tissue. Therefore hyperpolarisa-
tion is needed to increase the bulk magnetisation and get a useable signal from
the lungs. The �rst time HP MRI was performed in 1994 was ex-vivo using
129Xe [98]. 129Xe is a noble gas that provides an unreactive and safe target for
hyperpolarisation. Three years later, the �rst HP 129Xe study was conducted
in humans [99].

Despite 129Xe being the �rst to be imaged, the results were limited due
to the low polarisation that could be achieved at the time; typically only a
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few percent [100]. This led to an initial switch in research focus to another
noble gas, 3He. 3He polarisation technology at the time o�ered an order-of-
magnitude improvement in polarisation, over 129Xe , providing a greater bulk
magnetisation. Another advantage 3He had over 129Xe is that, unlike 129Xe,
it did not cause any side e�ects when inhaled. Xe acts as a mild anaesthetic
which can cause transient dizziness for a few minutes after inhalation [101]. By
1996 3He had been used for clinical research, which rapidly increased in scale
and scope and provided clinically relevant data [102]. 3He is now no longer
the gas of choice for HP MRI imaging for a few di�erent reasons. The main
reason, it is prohibitively expensive to procure for academic use and as a medical
consumable. This is because 3He comes exclusively from tritium decay, which
only comes from the historical production of US nuclear missiles, so there is
a �nite supply. The US government has earmarked 3He for use in neutron
detectors to detect illegally transported plutonium. These factors combined,
along with increasing demand, has resulted in 1 litre of 3He costing up to $
2000 [103].

The cost of Xe is much more economical [104]. Development in polariser
technology has also increased the polarisation that can be achieved with 129Xe
using SEOP. This makes it a viable alternative to 3He. 129Xe also has some
other characteristics that increase its utility in HP-gas MRI. Unlike 3He, 129Xe
can dissolve into pulmonary tissue, and it does so via the same pathway as
oxygen, eventually binding with red blood cells (RBCs) [105]. This means 129Xe
can be transported via the bloodstream to other organs in the body such as the
brain and liver, increasing the number of sites that can be imaged. Due to
its large electron cloud, Xe also has a large chemical shift. This means it is
possible to discern where the Xe is located as di�erent tissues since the blood
and airways of the lungs cause a di�erent chemical shift in the 129Xe [11]. The
chemical shift is given by Equation (2.43) [106].

δ =
νsample − νref

νref
(2.43)

� νsample resonant frequency of a sample

� νref resonant frequency of a standard reference compound

δ is expressed as parts per million (ppm). This chemical shift is expressed in
this form is independent to the strength of the magnetic �eld. Although νsample
scales with frequency, the di�erence in frequency increases as the magnetic �eld
strength is increased. Therefore, the higher the magnetic �eld, the higher the
resolution of any NMR spectra.

Ventilation imaging

The simplest clinically relevant form of imaging HP gases is ventilation imaging.
This is where the size of the signal produced by the gas is proportional to the
density of the HP gas. This allows a map of the lungs to be created that
show ventilation defects where the gas is not able to travel. This lack of signal
could be caused by several di�erent conditions like COPD, Asthma or CF.
Ventilation images make it possible to quantify how the condition is a�ecting
the ventilation ability of the lungs. 129Xe has a greater sensitivity to ventilation
defects compared to 3He as it is denser and has a lower di�usion coe�cient [107].
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The sequences used in HP MRI need to be designed to �t into the time scale
of a typical breath-hold of ≈ 10s. As the polarisation in HP is non-recoverable,
it is essential to exploit the signal as quickly and e�ciently as possible to get the
best images. The most widely used sequences are Fast Gradient Echo Sequences
(FGE) [108]. These use short echo times with a short TR. Typically, these have
a low �ip angle so as not to deplete the polarisation before the entire image has
been built up. Figure 2.13 shows the di�erence between a healthy lung and one
with COPD and shows the ventilation defects caused by COPD.

Figure 2.13: Comparison of HP MRI ventilation imaging between a patient with
COPD and a healthy volunteer. [109]
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Di�usion-weighted imaging

Di�usion-weighted imaging (DWI) with HP gas allows an image to be built up,
showing how the gas is able to di�use through the structures in the lungs. This
is visualised with an apparent di�usion coe�cient (ADC) image of the lungs.
This is because there is restricted di�usion between the microstructure of the
lungs, such as the alveoli. An ADC image is built up by acquiring images of the
HP gas both with and without di�usion-sensitising gradients applied. Di�usion-
sensitising gradients are a pair of gradients of equal magnitude with opposite
polarity. If a nucleus remains in the same place between the application of these
two gradients, it will have no net shift in phase. When particles move between
these two pulses, they will experience a phase shift. This is because they will
not experience the same gradient strength on the reversed gradient. The degree
to which the �nal image is sensitive to molecular motion can be changed by
adjusting the strength of the di�usion gradient pulses and the time between
them. This is given by the b-value, shown in Equation (2.44).

b = γ2G2δ2(∆− δ

3
) (2.44)

� Gyromagnetic ratio: γ

� Magnitude of the DW gradient pulses: G

� Length of the DW gradient pulses: δ

� Time between the two DW gradient pulses: ∆

Figure 2.14: How DW gradients create dephasing in moving molecules

The lower the b-value, the less sensitive to di�usion the image will be. Higher
b-value images will be more sensitive but there will be less signal as most of
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the signal will be lost from molecular motion. Getting an ADC image requires
comparing an image with a b-value of 0 and a b-value >0 on a pixel-by-pixel
basis [105].

SD = Sb=0e
−bD (2.45)

D =
−1

b
ln

SD
Sb=0

(2.46)

� Signal intensity of image with non-zero DW gradient applied: SD

� Signal intensity of image with zero DW gradient applied: Sb=0

� Apparent di�usion coe�cient

In normal-functioning lungs, the di�usion is restricted between gas in neigh-
bouring alveoli due to the structure of the alveoli. In diseases like emphysema,
the gases are more able to di�use as the internal lung structure has been en-
larged, meaning higher ADC values will be seen than in a healthy lung [105].
The lungs of COPD patients can also exhibit elevated ADC values.

Dissolved phase imaging

This type of HP-gas MRI can only be achieved with 129Xe, which can dissolve in
pulmonary tissue. The chemical shift Xe experienced in the alveolar-capillary
membrane is 198ppm and 217ppm in RBC. Compared to the gas phase, the
dissolved phase intensity is ≈ 2%, and T ∗2 relaxation is much quicker [110]. The
chemical shift is also distinct but still fairly close at common clinical scanner
�eld strengths (≈ 3.8kHz at 1.5T). This means that, to only excite the 129Xe in
the dissolved phase, the RF excitation pulses must be well de�ned in frequency
so as not to excite the gas phase 129Xe.

Figure 2.15: NMR Spectrum showing dissolved and gas-phase HP 129Xe,
adapted from [111]
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Chapter 3

Measuring in-cell temperature
with Raman spectroscopy to
understand optimal
conditions of SEOP

3.1 Introduction

The polarisation of HP 129Xe must be maximised to produce the highest SNR
images when performing MRI. The higher the SNR, the clearer the images and
the more detail can be discerned, which are easier for clinicians to interpret
leading to better diagnosis. To produce high SNR images, the bulk magneti-
sation of the HP 129Xe also needs to be high. The bulk magnetisation is the
product of the percentage polarisation of HP 129Xe and the number of 129Xe
nuclei within the gas mix. The number of nuclei scales linearly with the partial
pressure of 129Xe.

To achieve a PXe, the conditions inside the optical cell where SEOP takes
place must be optimised. One condition that can drastically a�ect the �nal
PXe achieved using SEOP is temperature. The internal cell temperature plays
a signi�cant role in the �nal PXe as it determines whether SEOP of 129Xe is
occurring in steady-state or runaway conditions. Under steady-state conditions,
the PXe builds up at a relatively constant rate (γSEOP ) throughout a run and
plateaus as the maximum PXe is reached. SEOP occurring in steady-state
conditions is typically stable and less sensitive to �uctuations in pump laser
power and oven temperature. Runaway conditions, on the other hand, are much
less stable, and although they exhibit a greater initial γSEOP , they have larger
spin-destruction e�ects compared to steady-state conditions, so the maximum
PXe is more limited.

Runaway is entered as a result of a positive feedback loop between in-cell
temperature, alkali metal vapour density and pump laser absorption. As de-
scribed in Section 2.4.9, N2 collisionally quenches the emission of unpolarised
photons during spin-exchange. This quenching causes energy to build up inside
the N2 atoms, which becomes heat energy and increases the in-cell temperature.
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An increase in in-cell temperature results in an increased alkali metal vapour
density, which in turn absorbs more laser pump light. This creates the positive
feedback loop, which becomes uncontrollable, hence the term runaway. This
feedback loop continues to raise the alkali metal vapour density, making the cell
less transparent to the pump laser. This means less alkali metal vapour atoms
will be optically pumped, reducing the overall alkali metal polarisation and in
turn PXe. Runaway conditions are characterised by an initial sharp increase in
PXe, taking advantage of the high alkali metal vapour density and polarisation.
The PXe peaks and starts to reduce as the feedback loop causes the cell to be-
come more opaque to the pump laser, increasing spin destruction e�ects which
outpace the γSE .

The optimal oven temperature, and therefore in-cell temperature, for a cell
undergoing SEOP is where the cell reaches the maximum PXe while still under
steady-state conditions. Higher peak PXe can be achieved in runaway regimes,
but they are short-lived. Optimal in-cell temperatures sit near the limit of
steady-state conditions before they enter runaway. Near this limit, the tem-
perature is able to produce a high enough alkali metal vapour density for high
alkali metal polarisation and thus high γSEOP and PXe. There is a �ne line
between steady-state and runaway conditions, meaning it is advantageous to
measure the internal cell temperature when trying to determine the optimal
SEOP conditions.

Although the temperature of the cell can be measured externally with a
thermocouple, this does not give an accurate representation of the temperature
within the gas volume inside the cell. Furthermore, a thermocouple can only
measure the temperature at a single location, which gives an estimated global
value. To better understand the conditions within the cell, the internal gas
temperature needs to be interrogated. This can be achieved using a technique
called Raman spectroscopy, which measures the N2 gas temperature directly,
allowing a more accurate comparison of internal cell temperature under a variety
of SEOP conditions. It is also possible to measure how the PXe changes with
internal cell temperature by measuring it concurrently using NMR.

This chapter starts by covering the theory behind calculating the internal
N2 gas temperature using Raman spectroscopy at di�erent locations throughout
the cell. It then goes on to describe the methods and equipment used in the
experiment set out in this chapter. Lastly, the results of each experiment are
discussed, investigating the e�ects of di�erent gas mixes, alkali metal species
and lasers on the internal cell temperature and PXe.

3.2 Theory

3.2.1 Raman spectroscopy

Raman scattering

When a photon of a speci�c frequency is scattered by a molecule transfers energy
to the molecule's electron cloud. This distorts the cloud and excites the molecule
into a higher vibrational or rotational energy state. The vibrational energy
states occur due to intermolecular bonds behaving like harmonic oscillators. The
rotational energy states occur due to the rotation about the molecule's centre
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of mass. These higher virtual energy states are unstable, and the molecule will
eventually relax back to a lower-energy state. When this relaxation occurs, the
photon is re-radiated. In most cases, the molecule relaxes back to its original
energy state, causing the radiated photon to have the same energy and frequency
as the original incident photon. The photon's energy is conserved, so it is said
to have scattered elastically, known as Rayleigh scattering [112].

When a molecule returns to a di�erent vibrational or rotational energy state,
the radiated photon has a di�erent energy and frequency to the incident pho-
ton. This phenomenon is known as Raman scattering, �rst discovered by CV
Raman in 1928 [113]. Raman scattering comes in two forms: Stokes and anti-
Stokes Raman scattering. Stokes Raman scattering is when a molecule returns
to a rovibrational state with a higher energy [113]. As the total energy of the
molecule-photon system is conserved, the radiated photon has a lower energy.
Anti-Stokes scattering is when the molecule relaxes to a lower energy rovibra-
tional state than its original [113]. The radiated photon, therefore, has more
energy than the incident photon. A diagram showing Rayleigh and Raman
scattering is shown in Figure 3.1 [114].

Figure 3.1: Diagram of the Rayleigh and Raman scattering processes [114]

Raman spectra

A Raman spectrometer detects photons scattered by a sample and creates a
Raman spectrum by plotting the light intensity of the scattered photons against
the size of the �Raman shift� between scattered and incident photons. The size
of the Raman shift is shown in Equation (3.1). λ2 and λ1 are the wavelengths
of the scattered and incident light, respectively, in nanometres.
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RamanShift(cm−1) = (
1

λ1
− 1

λ2
)[114] (3.1)

Raman shift is used because the wavenumber (1/λ) scales linearly with energy.
The resultant spectrum is therefore independent of the incident light's wave-
length [114].

Measuring N2 temperature using Raman spectroscopy

In a Raman spectrum, the vast majority of photons are Rayleigh scattered,
up to 108 times the number Raman scattered. The ratio of Stokes to anti-
Stokes Raman scattering depends on the energy state populations of the sample
molecules. At room temperature, the ground state is the most energetically
favourable, so has the highest population. When a ground-state electron is ex-
cited, there is no lower energy state to relax back into, and the photon, therefore,
can only experience Stokes scattering. At ambient temperature, there is a slight
excess of electrons in the ground state, so the intensity of the Stokes peaks is
higher than that of the anti-Stokes peaks since more molecules cannot experi-
ence anti-Stokes scattering. This discrepancy reduces as temperature increases
as molecules inhabit higher energy levels and the populations of in the lower
energy levels reduce. This results in a change in peak heights in the rotational
Raman spectrum as shown in Figure 3.3.

Figure 3.2: An example N2 Raman spectra taken at 293 K [115]

A feature of the N2 Raman spectrum is the alternation of half- and full-
height peaks, which occur because 14N is a boson. The peaks are a result of the
exchange interaction/quantum mechanical selection rules that are dependent on
a molecule's molecular spin quantum number (I). These rules are governed by
the Pauli exclusion principle, which states that no identical fermions can have
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Figure 3.3: Two raw N2 Raman spectrum taken at 160 C and 322 C to show how
the increase in temperature changes the relative peak heights of the rotational
Raman peaks
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the same quantum state. In a system, no two fermions can have the same value
for all four of their quantum numbers at the same time [27]. The I value of a
boson can only be an integer value or zero, while fermions can only be a half-
integer I. Under particle exchange, the total wave-function of a fermion has to
be anti-symmetric. A boson's wave function under particle exchange meanwhile
must be symmetric. The total wave function for N2 is given below.

Ψtot(R1R2raraI1I2sasb) = ψe(rarb)χe(sasb)ψn(R1R2)χn(I1I2) (3.2)

� rarb: Electron locations

� ψe(rarb): Electronic spatial component of the molecular wave function

� sasb: Electron spins

� χe(sasb): Electron spin component of the molecular wavefunction

� R1R2: Nuclear coordinates

� ψn(R1R2): Nuclear spatial component of the molecular wavefunction

� I1I2: Nuclear spin coordinates

� χn(I1I2): Nuclear spin component of the molecular wavefunction

ψn(R1R2) is the product of the rotational and vibrational terms. Under particle
exchange, the vibrational term is symmetric in the ground state and reduces to
zero. The resultant spectra of N2 is therefore purely rotational.

φn = φvibn φrotn (3.3)

14N has an I=1, meaning the molecular spin (Itot) of N2 can take three
values: 0, 1 and 2 [116]. The electronic contribution of the molecular wave
function must be symmetric under particle exchange, and, since the total wave
function of a boson is symmetric, the nuclear component must also be symmet-
ric. Thus, the rotational angular momentum quantum number (J) is even when
Itot is even (0 or 2). This results in a total spin multiplicity (Σ(2(Itot) + 1) ) of
(2(2) + 1) + (2(0) + 1) = 5 + 1 = 6 [116]. When I is odd (1), only odd J values
are allowed, and the spin multiplicity is 2(1) + 1 = 3. This is displayed in the
N2 Raman spectrum as the 2:1 ratio between even and odd J peaks [116].

The �rst in-depth analysis of the rotational temperature using Raman spec-
troscopy of N2 was carried out by Hickman et al. [117]. In N2 the rotational
temperature is equal to its translational temperature. The technique compares
line intensity (I(J)) from a transition (J) against the signal received by the
spectrometer.

S(J) = GI(J) (3.4)

In Equation (3.4), G is a constant of proportionality which contains all experi-
mental constants, described by D. Walter et al. [118]. These include:

� Cross-section of the transition

� Nitrogen gas volume
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� Photon scattering cross-section

� Probe-beam intensity

The line intensity of the ro-vibrational spectrum from a J to J' state conforms
to the following relationship:

I(J) ∝ υ4g(2J + 1)PJ→J′e
−BJ(J+1)

kBT (3.5)

� υ: Frequency of the rotational line

� J: Rotational angular momentum quantum number

� g: Ground state degeneracy from nuclear spin

� B: Nitrogen's rotational constant

� kB : Boltzmann constant

The rotational transitions N2 obey the following selection rule, ∆J = +2, as
the spectra is purely from Stokes scattering, for anti-Stokes scattering ∆J = −2.

PJ→J′ =
(3(J + 1)(J + 2))

(2(2J + 3)(2J + 1))
(3.6)

It is possible to eliminate the proportionality constant in equation (3.5),
de�ned as 1/G. This is the same G stated in (3.4), which cancels down to
Equation (3.7).

S(J) = I(J)G (3.7)

Substituting in the values from equations (3.6) and (3.5) gives:

S(J) = υ4g(2J + 1)e
−BJ(J+1)

kBT
(3(J + 1)(J + 2))

(2(2J + 3)(2J + 1))
(3.8)

Which can cancel to:

S(J) = υ4ge
−BJ(J+1)

kBT
(3(J + 1)(J + 2))

(2(2J + 3))
(3.9)

Equation (3.9) can be simpli�ed using:

f(J) =
(3(J + 1)(J + 2))

(2(2J + 3))
(3.10)

This leads to the simpli�ed version of (3.8):

S(J) = υ4gf(J)e
−BJ(J+1)

kBT (3.11)

This can be rearranged to give:

−J(J + 1)
Bhc

kbT
= ln

S(J)

gf(J)
+ 4ln

1

υ
(3.12)
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This equation can be compared to a straight line on a xy plot, rearranging (3.12)
to the same format as y = mx+ c with g=1 will give:

ln
S(J)

f(J)
= −Bhc

kBT
J(J + 1)− 4ln

1

υ
(3.13)

Plotting lnS(J)
f(J) against J(J+1) even Stokes line peaks (J = 6, 8, 10, 12, 14, 16)

will give a graph similar to 3.4. The slope of the line is equal to −BhckbT
. It is

then possible to calculate the temperature (T) of a N2 gas using Raman spec-
troscopy. The odd peaks are not used as they would have to be scaled up by
2 and so would the resultant noise. This would reduce the SNR of the system
and increasing the uncertainty in the �nal measurement which is 1

SNR [117].

Figure 3.4: Illustration of how the N2 Raman temperature can be calculated
[115]

3.3 Materials and methods

3.3.1 SEOP materials

Lasers and optics

Three OP lasers are used in the experiments detailed in this chapter: A 30 W
laser at 794 nm (Integra, Spectra physics, Irvine, USA), another 30 W laser
at 794 nm (Ultra100 BrightLock, QPC, Sylmar California, USA) and a 50 W
laser (Ultra100 BrightLock, QPC, Sylmar California, USA). All three OP lasers
are frequency narrowed to ≈ 0.3 nm FWHM. The QPC lasers are powered by a
Sorensen-XG programmable power supply, and the Integra has an internal power
supply controlled remotely via the Integrasoft software. The temperature of the
QPC lasers is controlled by an external water chiller that �ows water through
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integrated cooling plates in the lasers' base. By thermally tuning an on-chip
grating, the central wavelength can be adjusted by ±1 nm to better match the
laser's output with the Rb/Cs D1 lines. The Integra's parameters are adjusted
via Integrasoft, and it is also thermally tuned by laser power heating its glass
variable Bragg grating (VGB) to adjust the laser's central wavelength.

The appropriate OP laser was selected for each experiment. The �rst test
examined the consistency of the experimental setup using the Rb BrightLock
laser. This laser was also used in the experiment that investigated the ability
of 4He to suppress Rb runaway during SEOP. For the Cs vs Rb Raman exper-
iments, the Cs BrightLock was used to optically pump the Cs, and the Rb was
optically pumped using the Integra.

Figure 3.5: Polarising cube with beam dumps sitting at 90 degrees either side.
Only one Beam dump is used to capture rejected OP laser light. The other is
to balance the setup tp ensure the weight is not all on one side and no sperious
re�ections exit that hole in the polarising cube holder.

After the laser light leaves the pump laser cavity, it passes through an optical
�bre. Upon leaving the �bre, the photons then pass through a collimating lens
to give the beam a 1-inch diameter. The diameter of the beam now matches the
diameter of the inner cell of the Rosen cell, therefore uniformly illuminating the
gas mix across the cell's diameter. After collimation, the photons need to be
circularly polarised to perform SEOP, as shown in Section 2.4.7. The collimated
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light passes through a polarising cube that cleans up the linear polarisation of
the laser light. This light then passes through the λ

4 wave-plate. The wave
plate converts the linearly polarised light into circularly polarised light before
it reaches the cell. The λ

4 wave plate/polarising cube set-up is shown in Figure
3.6.

Figure 3.6: λ
4 placed after the polarising cube in the optical train. It turns the

linearly polarised light into circularly polarised light for OP

B0 �eld and NMR spectroscopy

The homogeneous magnetic �eld required for SEOP is provided by two coils set
up in a Helmholtz pair. Each coil has 197 turns and a 32-inch diameter and
is powered by a Sorenson XG20-81 programmable power supply. The XG20-
81 provides an 8.9 A current to coils to achieve the desired B0 �eld strength
for 129Xe NMR spectroscopy. When collecting a water signal, the current is
adjusted to 2.5 A. This is to ensure the Larmor frequency of 129Xe is the same as
the optimum frequency of the NMR search coils (34.4 kHz). The gyromagnetic
ratios of 1H and 129Xe are known: 42.5759 δ

MHzT−1 and -11.7769 δ
MHzT−1 ,

respectively. The B0 strength is altered by adjusting the current going through
the coils the ratio of the gyromagnetic ratios so that both nuclei can be pulsed
at the optimum frequency of the search coil (34.4 kHz). The corresponding B0

�eld strength for 1H and 129Xe are 8.1 G and 29.2 G, respectively.
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NMR spectroscopy is performed by three 1-inch diameter 350-turn surface
coils. These are mounted in a 3D-printed plastic housing so that they �t into
the optical cell (see Figure 3.7). NMR signals can be acquired at the front,
middle and back of the optical cell. The NMR coils are connected to a Magritek
Kea2 spectrometer, which is controlled via USB using a software package called
�Prospa�. The search coils both transmit NMR pulses to excite the HP 129Xe
and receive the resultant NMR signal produced by the 129Xe using the Kea2
"1Pulse" experiment. When Prospa receives the NMR signal via the Kea2 , it
is saved to the computer for analysis.

Figure 3.7: NMR coil holder (yellow box), containing a single NMR coil (red
box) in a cell �lled with doped water used to obtain a reference signal.

Optical cell and oven

The �nal components of the SEOP apparatus are the optical cell and oven
system. The optical cell is a variation of a Pyrex Rosen cell [119] and comprises
three main parts: the inner and outer cylindrical sections and the valve stems.

The inner cell is 16.5 cm long and has a diameter of 2.5 cm, while the outer
cell has a length of 28 cm and a diameter of 6.5 cm. The inner cell is where the
Rb/Cs is loaded, and it is �lled with the gas mix, providing a sealed environment
for SEOP. Flat optical windows are situated at either end of the inner cell to
minimise light di�raction and maximise the light transmitted to the alkali metal
vapour. The cell is mounted in an adjustable plastic mounting system which
aligns the cell with the pump laser. Since the mounting system can be left in
place, realignment is not needed should the cell be replaced or removed for gas
�lling.

The outer cell is capped o� with two circular anti-re�ection coated windows
mounted in a plastic frame, which act to reduce optical losses when transmitting
light to the cell. The windows act as an interface between the cell and the
mounting system. They also enclose the outer cell so it can be used as the oven
for the inner cell.

To transform the outer cell into an oven, a compressor is used to force
air through a heat pipe and into the outer cell via a stem on its underside.
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Figure 3.8: A typical Rosen cell used in the SEOP experiments

Figure 3.9: A loaded and mounted Rosen cell ready for SEOP

The temperature of the hot air is controlled by a heat pipe controller based
around a CAL9000 temperature controller, a proportional�integral�derivative
(PID) controller. The CAL9000 in this setup only uses the "P". It continuously
calculates the di�erence between the setpoint and the current measured value
and then applies a correction to reach that set point [120]. The oven temperature
set point can then be reached with minimal over/undershoot based on feedback
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from a PT100 temperature sensor. The sensor is placed in the middle inlet stem
at the bottom of the outer cell, where the hot air inlet pipe is connected. When
the oven temperature is raised, the Rb/Cs is vaporised and can be optically
pumped via the OP laser.

Raman materials

The Raman portion of the experiment is based on the setup presented in the
thesis of H. Newton [121], book chapter by J. Birchall [115] and a paper by H.
Newton [122]. It is built around a 5W laser at 532 nm (Verdi-V5, Coherent,
Santa Clara, USA). Raman scattering e�ciency increases with 1

λ4 which reduces
the scan time required to collect spectrum with useable SNR [123]. Short wave-
lengths also come with increased spatial resolution, which is needed for the N2

rotational Raman spectra measured where the peaks are close together. Shorter
wavelengths produce more auto�uorescence form the target compared to longer
wavelengths increasing SNR. [123] 532 nm was selected as if o�ered the best
compromise between the two.

After leaving the Verdi, the photons pass through an optical �bre to an in-
line Ondax probe head, shown in Figure 3.10. A 1-inch lens focuses the photons
into the centre of the inner cell, where they scatter o� the N2 in the gas mix.
The scattered photons are then collected via the same optical path as the inci-
dent photons. The ultra NB notch �lters within the probe head attenuate the
photons that have been Rayleigh scattered from theN2. Rayleigh-scattered pho-
tons make up the vast majority of the spectra [124]. These Rayleigh-scattered
photons need to be attenuated, or the Raman spectrometer's charge-coupled
device (CCD) would become saturated, leaving the Raman scattered photons
undetectable. The photons then pass through a beam splitter, directing them
into a �bre optic cable linked to the spectrometer's CCD for detection.

The probe head is orthogonal to the main pump beam so the temperature
can be measured at di�erent positions along the length of the cell. Vertical
alignment of the Ondax Raman probe head is performed by a ThorLabs height-
adjustable platform.

The adjustable platform is then mounted to a ThorLabs' LTS300(/M) Lin-
ear Translation Stage (LTS) with an integrated controller. The LTS moves
the probe head horizontally to any part of the cell with a 0.01 mm accuracy.
Throughout an SEOP experiment, the stage can automatically move the Ondax
raman probe head using the �Move sequencer� on the ThorLabs' inbuilt soft-
ware. The stage, however, must be placed outside of the Helmholtz coils as it
has ferrous components that signi�cantly disturb the homogeneity of the �eld.
The LTS therefore had to be mounted o� the bench using a sliding ThorLabs
optical breadboard. The breadboard can move the probe head perpendicular to
the cell to measure the gas temperature across the cell's diameter. To compen-
sate for being mounted outside of the magnetic �eld, the 50 mm focal-length
plano-convex lens had to be mounted on the end of a lens tube, keeping the
Verdi laser's focal point in the inner cell.

The probe head is connected to a Horiba Jobin Yvon U1000 double one-
metre spectrometer with Andor Newton EM CCD via an optical �bre. The
Horiba is controlled via the software �LabSpec�, which can be used to save, edit
and export the resultant Raman spectra.

55



Figure 3.10: Ondax head schematic

3.3.2 NMR methods

Data collection

The NMR surface coils are inserted into the outer cell underneath the inner
cell. Using the Prospa V3.1 software, the user can then select the appropriate
settings for the Kea2 pulse/receive sequence, and a directory is created for the
experimental data to be saved. The NMR spectrum can now be collected by
toggling the three-way switch to the appropriate coil and running the desired
sequence. It is important to have a long enough delay time between transmitting
the NMR pulse and receiving the signal so that the coil does not pick up the
ringdown from its own transmission pulse. A 3000 µs acquisition delay (delay
time) was selected as it marginally longer than the coil's ringdown time and the
T ∗2 of the 129Xe was long enough to still be able to detect NMR signals with
high SNRs.

In later Raman experiments, the NMR data acquisition, the saving of the
spectra in the correct folder and the coil switching have all been automated.
This modi�cation was carried out by W. Hardiman and J. Botham for their �nal
year Master's project and details can be found in their �nal report [125]. It is
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Figure 3.11: Diagram of the Raman setup

based around an Arduino Mega 2560 and an automated Mini Circuits MSP4TA-
18+ switch, all controlled via an app created in MATLAB. The automation
eliminates human error and e�ort when switching between coils.

Obtaining a water signal

In order to calculate the percentage polarisation of the HP 129Xe, it is necessary
to compare the NMR signal from the HP 129Xe to a reference proton (1H)
signal. The 1H spectra must be taken at thermal equilibrium. The 1H signal
is acquired using a water sample doped with 10 mM copper sulphate (CuSO4)
( ≈ 0.11 g). The NMR signal comes from 1H in the water (H2O), the CUSO4

acts to decrease the 1H T1 relaxation time [126] to ≈ 0.15s. As the nuclear
spins of the 1H recover quicker, the time between acquisitions can be reduced.
The Helmholtz coils produce a low B0 �eld strength, resulting in a very low
1H polarisation. The 1H NMR signal will therefore have a very low SNR,
so multiple pulses need to be averaged to bring the signal out of the noise
�oor. An NMR signal is acquired every 0.6 s, equivalent to 4 T1s, allowing the
1H nuclei to fully relax between acquisitions. As each NMR pulse will have
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the maximum signal from the 1H, fewer pulses have to be averaged to get an
acceptable SNR.A reference water signal with acceptable SNR can be produced
after ≈ 105 acquisitions. The water sample used is housed within the same
Rosen cell as that used for 129Xe SEOP. This ensures that the volume and
geometry of the water and 129Xe excited by the search coil is the same.

Flip angle calibration

Flip angle calibrations require signals to be acquired at a range of pulse lengths
or RF amplitudes (sweeps). A 1H �ip angle calibration was performed using
the Kea2 controlled by Prospa using the function �Pulse duration sweep�. The
signals from a sweep of RF pulses with di�erent pulse durations are plotted on a
sine curve to determine how the strength/length of the NMR pulse corresponds
the resultant �ip angle of the a�ected nuclei. This sweep used the central surface
coils to send pulses with lengths of ≈80 µs to ≈325 µs. After each acquisition
in the sweep, the pulse length was increased by 14.4 µs in order to get a larger
enough number of points to �t the sine curve but which still allows the sweep
to be taken in a reasonable ammount of time. Due to limited time, the number
of acquisitions is reduced to the order of 104 when acquiring multiple spectra
for a �ip angle calibration. Parameters common to all individual pulses within
the sweep can be found below.

� Pulse amplitude: -6 dB

� Pulse acquisition delay time: 3000 µs

� Dwell time: 20 µs

� Number of points: 512

� Filter: Exponential

Figure 3.12 shows the resultant points �tted to a sine curve (adjusted R2 =
0.99891), with a pulse length of 83 µs equating to a 46o �ip angle pulse.

The for the pulse duration sweep for 129Xe to be accurate it must be taken
when the polarisation is at a steady state, so the polarisation available for each
pulse in the sweep is the same. As a fraction of the 129Xe is depolarised by the
NMR pulse, the time between pulses must be long enough for the polarisation
to recover via SEOP back to steady state, so the resultant signal's peak height
is only dependent on NMR pulse duration.

The cell was loaded with a 0.3 g bead of Rb and �lled with a Xe/N2 gas mix.
The gas mix underwent SEOP at an oven temperature of 160 C to build PXe up
to a steady-state. The 129Xe was then subject to pulses with lengths from 100
µs to 450 µs in 25 µs increments. All other parameters are equal to those listed
for the water pulse duration sweep with ≈ 30 s between pulses. Even at high
�ip angles, the surface coil only stimulates 129Xe nuclei above the coil, meaning
only a small fraction of the total number in the cell are depolarised. The time
for the polarisation to recover is therefore short. The pulse duration sweep can
be seen in Figure 3.12.

The 129Xe pulse duration sweep was also �tted to a sine curve (adjusted
R2 = 0.991). A pulse duration of 300 µs, equivalent to a 70o �ip angle, was
used for the following Raman experiments. 300 µs was chosen as it strikes a
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balance between maximising the 129Xe signal while not totally depolarising the
probed nuclei. NMR pulses can be taken closer together without signi�cantly
slowing down polarisation build-up, o�ering a greater temporal resolution in the
polarisation build-up curve.

Figure 3.12: Flip angle calibration for 1H (left) and 129Xe (right)

The spectrum for the water signal used in these calculations is shown below
in Figure 3.13.
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Figure 3.13: Water signal for use in PXe calculation
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After the �ip angle calibration is performed and the reference proton signal
obtained, it is possible to calculate the percentage polarisation of the 129Xe
within the cell by comparing it to the proton reference signal using Equation
(3.14).

PXe = εenhance(CT2Pthermal100) (3.14)

� PXe : Xenon polarisation

� εenhance: Enhancement factor

� CT2∗ : Compensation factor to account for T2∗ and acquisition delay [24]

� Pthermal: Thermal proton polarisation

εenhance shows how much the HP 129Xe has been enhanced when compared
to signal obtained from the thermal protons and is given by Equation (3.15).

εenhance =
CH
CXe

sin(αH)

sin(αXe)

γH
γXe

SXe
SH

[87] (3.15)

� CH,Xe : Molar concentration of H,129Xe

� αH,Xe Flip angle of H,129Xe

� γH,Xe Gyromagnetic ratio of H,129Xe

� SH,Xe Signal intensity H,129Xe

The uncertainty in the �nal polarisation value is determined by the largest
source of error: the noise of the water signal. The error is therefore calculated
from the water signal's SNR given by Equation (3.16).

ErrorPXe =
PXe

SNRwatersignal
(3.16)

3.3.3 Raman methods

Data collection

Raman spectra acquisition is controlled via Labspec, which controls the shutter
on the CCD. The time the shutter is open can be increased so that more scat-
tered light is incident on the CCD, increasing the SNR. This time is limited,
as too much light saturates the CCD. To get a high temporal resolution for the
temperature measurements, the acquisition time should also be kept short. Oth-
erwise, short term temperature �uctuations cannot be observed. The acquisition
time is on the order of tens of seconds for the N2 temperature measurements in
these experiments.

Multiple spectra are acquired using a Labspec mode called �mapping acquisi-
tion�. Mapping acquisition allows the user to program a sequence of acquisitions
to work in time with the move sequencer of the LTS. With the stage and spec-
trometer working in tandem, it is possible to record the temperature at di�erent
locations in the cell and at di�erent times during a run.
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Data Processing

Once all the Raman spectra are recorded, they can be used to calculate the
N2 temperature throughout the experimental run. This process uses the theory
from Hickman et al. [117] discussed in Section 3.2.1.

Each Raman spectrum requires some pre-processing before the N2 tempera-
ture can be calculated. Not all the peaks in the Raman spectra are from the N2

in the inner cell. The laser beam from the Verdi travels through the atmosphere
before it reaches the inner cell. Although the beam is focused inside the cell,
a non-negligible portion of light reaching the CCD is scattered by the atmo-
sphere. There will therefore be components of the Raman spectra from light
scattered by atmospheric O2 and N2. If not accounted for, these components
can result in an inaccurate temperature calculation. Removing the atmospheric
contribution requires background spectra to be taken for each oven temperature
used. This is performed using an evacuated cell (≈ 10−5 Torr), so the distor-
tion of the light by the cell and the temperature of the air in the outer cell
are kept consistent between the background and actual spectra. To achieve a
high SNR the background spectra are acquired for 30 minutes. Two background
spectra are recorded and the lower intensity of the two spectra at each in the
Raman wavelength is used in the �nal background spectra, this is to negate
the e�ect of potential random background noise. The O2 peaks from both the
background and actual spectra should be equal and in the same place. As the
acquisition time for the actual spectra is 25 seconds, and the background spec-
tra 30 minutes, the background spectrum's O2 peak intensity is much higher.
The background spectra are therefore scaled so that the O2 peak heights are
the same as the actual spectra. The scaled background spectrum's O2 peaks
are then aligned with the actual spectrum's O2 peaks. Finally, the aligned and
scaled background spectra are subtracted from the actual spectra.

The peaks in the �nal Raman spectrum are only from theN2 in the inner cell.
The MATLAB code can pick out the N2 peaks and plots F(J) against J(J+1)
and calculate the gradient and the N2 temperature. The MATLAB code enables
multiple Raman spectra to be processed and the resulting temperature data to
be written into a single matrix to aid analysis.
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Figure 3.14: An example Raman spectra taken on a cell at with a 100 C oven
temperature with the cosmic ray highlighted in red. N2 and O2 labelled

One part of the work�ow has to be performed manually. During Raman
spectra acquisitions, cosmic rays may hit the CCD. This produces a sharp,
intense spike on the spectrum, as shown in Figure (3.14). Such a spike could be
mistaken for an N2 peak by the analysis code and in turn a�ect the temperature
calculation. Since cosmic rays pass straight through any shielding on the CCD
and even the building the lab occupies, it is not practical to mechanically shield
the CCD. Cosmic rays also occur randomly, so there is no way to remove them
via a automated process reliably. The simplest way to remove cosmic rays
without a�ecting the rest of the spectrum is manually using the �spike removal
tool� in LabSpec. The spectrum is saved before and after cosmic ray removal to
ensure the removal of the spike has not a�ected the size or location of any Raman
peaks. Every spectrum is inspected and any cosmic ray spikes are removed
before the spectrum is processed in MATLAB.

3.3.4 Cell cleaning and loading

Introduction

Alkali metals such as Rb/Cs are highly reactive with H2O and O2 [127] these
reactions are said to poison the alkali metal. The O2 can react with the Rb/Cs
and caused its surface to oxidise into Rb2O/Cs2O. Both have a vastly increased
melting point [128] and can also increase relaxation within the cell due to electro-
magnetic impurities [129]. In large enough quantities, O2 can vastly reduce the
polarisation achieved via SEOP. Even small amounts of impurities can poison
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the Rb/Cs and inhibit polarisation. This risk is highest when the cell is being
loaded with a new gas mix, but overtime atmospheric impurities can leech into
the cell through the stopcocks. This means that occasionally the cells need to
be cleaned and loaded with fresh alkali metal. Cleaning and loading must be
undertaken under controlled conditions, in an N2-rich atmosphere. If the alkali
metals are exposed to H2O or O2, the resultant reaction could cause a �re or
even an explosion. Besides safety, these controlled conditions ensure there are
no impurities introduced when loading a cell with fresh alkali metal, maximis-
ing cell lifetimes. The process for cleaning and loading a cell is outlined in this
section.

Alkali metal cleaning with tert-butanol and methanol

Cell cleaning is performed in a Plas-Lab glove box. The glove box provides
an N2-rich environment for cell cleaning, ensuring the Rb/Cs has no H2O and
O2 with which to react. After the cell, cleaning chemicals and equipment have
been loaded and the glove box is sealed, three purge/evacuate cycles of N2 are
performed on the glove box. This reduces the fraction of atmospheric O2 and
other contaminants in the glove box to a negligible level, replacing them with
unreactive N2.

Figure 3.15: Plas-Lab Glovebox

After the glovebox has been purged and evacuated with N2 three times, it
is safe to remove the stopcocks from the cell and begin the cleaning process.
A solution of tert-butanol is pipetted a few drops at a time into the inner cell.
The subsequent reaction of the tert-butanol with the Rb/Cs produces a stable
alkoxide salt, and hydrogen gas is shown in Equation (3.17). In Equation,
(3.17) X is the hydrocarbon chain of alcohol used, and AM is the alkali metal,
either Cs or Rb. Tert-butanol is used as it has a small reaction cross-section
with Rb/Cs owing to the alcohol compounds longer hydrocarbon chain. The
smaller cross-section means the reaction is slower and more controlled, making it
safer when there is a larger amount of Rb/Cs present. Throughout the cleaning
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process, the glovebox is �lled and evacuated with N2 to remove the hydrogen gas
produced, which poses a �re risk if allowed to build up. When no more Rb/Cs is
visible, a �nal wash is performed with pure methanol which has a larger reaction
cross-section than tert-butanol as it has a shorter hydrocarbon carbon chain.
Methanol is therefore able to react more readily with any remaining Rb/Cs.
The methanol wash is to ensure there are no Rb/Cs traces left within the cell
and is only used in the last step, as the rapid reaction with a large amount of
Rb/Cs could become uncontrollable, damaging the cell, glovebox and potentially
harming the user. It would also produce hydrogen gas at a such a rate that it
may build up to dangerous levels inside the glovebox.

2XOH + 2AM > 2XO−AM+ − 2H2 (3.17)

Base bath

After the cell has been removed from the glove box, it is left in a base
bath solution of potassium hydroxide and methanol KOH/CH3OH overnight.
This ensures that any remaining Rb/Cs that had not been removed by the
tert-butanol and methanol rinses react with base bath solution and be removed
from the cell. The base bath solution is highly alkaline and could cause burns if
it touches exposed skin, meaning appropriate safety equipment must be worn,
including gloves and lab coats to protect the skin and safety glasses to protect
the eyes. All glassware is loaded and removed from the bath via tongs. Care
must be taken to �ll the inner cell with the solution, leaving no air bubbles.
When removed from the bath, the cell is washed with distilled water to remove
the KOH/CH3OH solution.

Sonic bath

The �nal cleaning step involves sonicating the cell in a Bandelin Sonorex
sonic bath �lled with equal parts methanol and distilled water. This removes
any traces of base bath solution left in the cell. The cell is suspended in the
solution via a �exible wire mounted to a clamp stand. When the base bath is
switched on, the cell must not touch the sides of the bath as direct contact with
the vibrating surfaces may damage it. The outer cell is submerged, and the
inner cell is �lled with the solution before being sonicated for one hour. The
ultrasonic vibrations ensure that the solution can get to every surface and react
with any remaining base bath solution. After an hour, the cell is removed from
the sonic bath, and the inner cell is given a methanol rinse to assist the drying
process before it is placed in a drying oven overnight at a temperature of 80C.

Cell loading

Testing cell integrity

Before Rb/Cs loading can take place, both valve stems must be checked to
ensure the cell can hold a vacuum. This is performed using the gas handling
manifold.

Each component of the manifold is sealed from the atmosphere and from
one other using Swagelok valves. This means that each section can be isolated
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Figure 3.16: Bandelin Sonorex sonic bath

and evacuated by the vacuum pumps to remove any impurities in the gas lines.
The system has two pumps: a rotary pump to bring the system down to a 10−3

Torr vacuum level and a turbo pump which can achieve below 10−5 Torr. The
rotary pump is used to reduce the pressure before switching to the turbo pump,
as exposing the turbo pump to high pressures can cause it to be damaged. Both
pumps cannot be connected to the manifold at the same time as the turbo pump
is powerful enough to suck up oil from the rotary pump. The rotary pump must
therefore be disconnected before switching over to the turbo pump.

The cell is vacuum tested by connecting the manifold to one of the two valve
stems. Both stopcocks are closed, denoted by the O-ring wetting on the inside
of the stem. The stopcock in the valve stem connected to the manifold is then
loosened, allowing the rotary pump and then turbo pump to vacuum down the
cell. Once the cell has been vacuumed down to 10−5 Torr, it is closed for a few
minutes and then opened. If the vacuum level does not rise when opened, the
valves can hold the vacuum and the cell is �t for purpose.

Cell coating

One form of spin destruction can occur when polarised 129Xe nuclei interact
with paramagnetic impurities in the glass cell wall. To reduce the relaxation
contribution from these interactions, the walls of the inner cell are coated with a
product called SurfaSilTM . SurfaSilTM is a siliconising �uid which acts as a bar-
rier between HP 129Xe and the glass walls of the cell in order to minimize dipole
interactions between polarised 129Xe nuclei and these paramagnetic centres.

The coating process requires two alternating rinses, one with pure hexane
and the other with a 9:1 hexane/SurfaSilTM solution. The inner cell undergoes
an initial wash with hexane to remove any remaining impurities in the cell.
After this, it is decanted into a waste container. The SurfaSilTM solution is
then poured into the inner cell and agitated, with each part of the inner cell
being submerged for at least 30 seconds. The SurfaSilTM solution is poured out
to waste, and the inner cell is rinsed with hexane to remove any SurfaSilTM
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Figure 3.17: Diagram of the gas handling manifold

that has not bonded with the glass. To ensure the entire cell has been coated
with SurfaSilTM , this cycle is repeated two more times. This process must
be performed in a fume cupboard as a small amount of HCl is released when
SurfaSilTM reacts with the glass. The coated cell is then placed in the drying
oven overnight at 80C before the alkali metal loading can take place.

Alkali metal loading
The next step is loading the Rb/Cs into the cell. Due to the high reactivity

of Rb/Cs, the cell is loaded with the alkali metal of choice in an . The O2

and H2O content of the atmosphere inside the cabinet is closely monitored. For
alkali metal loading to proceed, the O2 and H2O must be below ten ppm and
two ppm, respectively. This is to ensure a safe working environment and to
prevent alkali metal poisoning.

The following equipment is transferred into the cabinet for alkali metal load-
ing:

� Pipettes
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� Pipette bulbs

� Foil

� Sealable waste container

� Evacuated cell

� Schlenk tube �lled with Rb/Cs

� Heat gun

� Clamp stand

The empty cell and Schlenk tube containing the alkali metal are mounted in
the clamp stand. Following this, the Schlenk tube and cell valve stems are
positioned vertically. Foil is placed under the stand and glassware to allow easy
clean-up of any spills. The Schlenk tube is heated with the hairdryer to melt
the alkali metal. The pipette is also heated to stop the alkali metal solidifying
inside it during the transfer of the alkali metal from the Schlenk tube to the
cell. Care must be taken not to damage the pipette or get the alkali metal on
the inner cell windows during transfer. Should the alkali metal be left on the
cell windows, it can block the transmission of the laser photons into or out of
the cell causing localised heating of the glass which has the potential to cause
structural damage to the cell. Once loading is complete, the cell is sealed by
closing both stopcocks. All items contaminated with the alkali metal must be
placed in a sealable container and safely disposed of by cleaning them via the
same protocol as described during cell cleaning. The cell can now be removed
from the cabinet for gas loading.

Figure 3.18: MBRAUN MB200B ECO sealed environment cabinet
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Gas loading and cell evacuation

During gas �lling, each section of the manifold undergoes N2 purge/evac-
uation cycles to reduce impurities in the gas lines to negligible amounts. The
exception is the NuPure �THE ELIMINATOR CAG�s (getters), which are iso-
lated from the manifold until gas is �owing through them. This is to limit their
gas throughput, which increases their useful lifetimes. When all the lines have
been evacuated, the vacuum line and all Swagelok valves are closed in order to
maintain the vacuum. 129Xe gas mix, N2 or 4He may then �ow at a controlled
rate from their cylinders through the regulator, getters, �lling lines and then
into the cell itself. The �ow rate into the cell is controlled via a needle valve.
Cell pressure is monitored by digital and analogue pressure gauges for pressures
below and above 1200 Torr, respectively. The components of the gas mix are
loaded from their cylinders in order of ascending partial pressure. This is to
ensure the cell always has a lower pressure than the manifold, which stops back-
�ow, and to ensure the lower partial pressure gases, typically the Xe fraction,
can be �lled more accurately using the digital pressure gauge. The evacuate
purge cycles also occur when switching between cylinders, so the exact partial
pressure of each component of the gas mix is known. In all experiments in this
chapter all cells are �lled to a total pressure of 2000 Torr for consistency and to
prevent overpressuring the cell which might result in cell failure.

69



Figure 3.19: Cell connected to gas �lling rig via valve stem

3.4 Raman SEOP experiments

3.4.1 Introduction

The goal of these experiments is to use Raman spectroscopy to better under-
stand the in-cell thermal dynamics during SEOP under di�erent conditions. The
results from which are intended to inform users of stopped-�ow polarisers of how
to exploit di�erent variables best to achieve optimal conditions for SEOP. Op-
timal SEOP conditions lead to a higher 129Xe magnetisation and polarisation,
so there will be more signal available during MRI imaging. This will produce
higher-quality images allowing clinicians to make more informed decisions when
treating patients.
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The repeatability of these experiments was �rst investigated and improved.
The general experimental protocol for these experiments is then outlined to re-
duce repetition within the chapter. Following this initial work, the experiments
in the chapter are discussed. These include the e�ect of 4He bu�er gas on in-
cell temperature, and the in-cell temperature comparison between Cs and Rb
SEOP.

3.4.2 Data consistency

It was necessary to investigate how much the PXe changed when all other vari-
ables were kept the same. The results needed to be consistent, otherwise it
would not be possible to determine if changing independent variables had a
signi�cant e�ect on the dependent ones (i.e. the PXe and in-cell temperature).

A freshly cleaned cell was loaded with a bead of Rb, then �lled with a 1000
Torr Xe/1000 Torr N2 gas mix. The cell was heated to an oven temperature
of 130 C and the temperature was allowed to stabilise for 20 minutes before
experiments began. The Rb vapour was then optically pumped using the 50W
QPC Rb BrightLock laser. NMR was taken every �ve minutes for 60 minutes
with the middle surface coil. At the end of each 60-minute run, the pump laser
was blocked. The PXe was then destroyed using a series of 1000 NMR crusher
pulses. The repetition time between crusher pulses was 0.5 seconds and the
pulse duration was 400 µs, which equated to ≈ 90o �ip angle to maximise the
depolarisation from each pulse.The NMR signal was monitored during crushing
and, if any NMR signal remained, the crusher sequence was repeated.

As the polarisation of the 129Xe is non-recoverable, it is possible to com-
pletely depolarise the HP 129Xe within the cell using successive NMR pulses.
This can only happen if the pump laser is blocked and not able to re-polarise
the 129Xe. All three NMR coils produce high �ip angle NMR crusher pulses.
The NMR crusher pulses continued until the 129Xe NMR signal had dropped
below the noise �oor. Relaxation would occur through the normal relaxation
mechanisms, however this would not be practical given experimental time con-
straints, as T1 relaxation time would be on the order of hours [24]. NMR crusher
pulses completely depolarised the 129Xe on the order of minutes, once they had
�nished, the experiment was repeated.

In total, nine repeats were taken: two on the �rst day, six the day after, and
a �nal run was taken two days later. Between the 8th and 9th runs, the cell was
run at a variety of oven temperatures and cooled to room temperature several
times. The NMR signal build-up during each run is shown in Figure 3.20.

Both the NMR signal and build-up rate increased from Run 1 to Run 9.
However, there was a slight dip in the �nal polarisation between Run 2 and
Run 3. As this was the �rst run of the day, it is possible that the oven tem-
perature was not given enough time to stabilise, and only the area close to the
thermocouple was up to temperature. This could have resulted in a lower start-
ing Rb vapour density, meaning a slower initial polarisation build-up occurred.
The 129Xe NMR signal increased between each subsequent run, and this in-
creased the most between Run 8 and 9. The �nal NMR values are shown in
Figure 3.21. The increasing polarisation, despite all other variables remaining
unchanged, could have come from several sources.
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Figure 3.20: Build up of NMR signal (area under the FFT FID peak) from HP
129Xe at 130 C oven temperature to test the consistency over nine di�erent runs

Figure 3.21: Final NMR signal (area under the FFT FID peak) from HP 129Xe
at 130 C oven temperature to test the consistency over nine di�erent runs
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Methods to improve consistency

The lack of repeatability could be due to atmospheric O2 being introduced
into the gas mix when �lling the cell. This could be a result of improperly
evacuating the manifold or a poor seal when �lling the cell. In small quantities,
a thin oxidised �lm can form over the surface of the Rb bead. As a result of
successive heating and cooling cycles, these oxidised areas can move from the
surface of the bead to the interior. The surface Rb is vaporised �rst, so a surface
layer of �fresh� unoxidised Rb can give a higher Rb vapour density at lower oven
temperatures and result in increased PXe.

The other possibility is that vaporised Rb condenses over a large surface
area when it cools. The Rb surface area increases with successive heating and
cooling cycles, plating the cell walls. As Rb vapour density increases with the
Rb surface area at a given oven temperature, �nal PXe then increases from run
to run as a result of this plating.

Both sources of polarisation variability are linked to Rb vapour density, and
two di�erent solutions were proposed to improve the comparability between
runs. The �rst is to account for the di�erence in Rb vapour density by measuring
it directly and then using this measurement to scale the resultant polarisation.
The second is to accelerate the plating process arti�cially, increasing the surface
area of the Rb. A larger Rb surface area may have a smaller percentage change
after each heating and cooling cycle, giving a more consistent Rb surface area
and, as a result, a more consistent PXe.

Atomic absorption spectroscopy

Rb vapour density was measured using AAS, which measures the absorption of
unpolarised light by an atomic element(s) [130]. The amount of light absorbed
is proportional to the vapour density of the speci�c element(s).

The Rb vapour density can be measured by comparing the absorption of a
light source with the cell at room temperature, where a Rb vapour density of 0
is assumed as Rb's melting point of 39.3 C [131], to the absorption through the
cell at a high oven temperature [132]. Absorption can be measured on either
the Rb D1 line at 794.77 nm [86] or the Rb D2 line at 780.23 nm [86]. As the
pump laser is tuned to the Rb D1, even a perpendicular optical �bre would be
able to pick up any unexpected re�ections due to the power of the laser. For
this reason, the Rb D2 line was used for the AAS.

A Photodigm A15-138 laser diode tuned to the Rb D2 was �rst tested for
AAS. However, the diode's output power had poor stability, even when driven by
a range of di�erent power supplies. Poor stability made it di�cult to determine
if the power reduction detected was due to absorption by the Rb vapour or
from a drop in output power of the diode. The choice was made to switch
from the laser diode to a Quartz Tungsten-Halogen Lamp from Thorlabs, which
o�ered a more stable output at Rb D2 line. The output spectrum was measured
with an optical �bre, with a cosine head connected to an Ocean Optics HR2000
spectrometer. The �bre was placed on the opposite side of the cell from the
halogen lamp and was attached to the Ondax head lens tube so that it did not
interfere with Raman data collection.

AAS was tested on a cell loaded with Rb and �lled with a 400 Torr Xe/
1600 Torr N2 gas mix. The cell was then heated to an oven temperature of 160
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C with no pump laser. Once the thermocouple measured an oven temperature
of 160 C, the cell temperature was allowed to stabilise for 30 minutes, and the
absorption spectrum was recorded. The absorption spectrum is shown in Figure
3.22, which shows the absorption on the Rb D1 and Rb D2 lines relative to the
spectra recorded at room temperature.

Figure 3.22: Rb absorption spectra showing absorption of photons from the
halogen lamp light source by the Rb D1 line (right) and D2 line (left) with laser
o�.

For the next set of experiments, the laser was unblocked and, over the course
of six, 60-minute SEOP runs, the absorption and polarisation were recorded.
These six runs were performed in sets of three on two successive days. Each
set used the following oven temperatures: 100 C, 110 C and 120 C. Between
each run, the polarisation was depleted using a series of NMR crusher pulses
as described in Section 3.4.2. The results of these six runs are shown in Figure
3.23. These runs showed how stable the Rb vapour density is in a steady-state
cell. They also exhibited the previously observed increase in polarisation under
the same starting conditions on consecutive days. The AAS con�rms that the
vapour density does increase with successive heating and cooling cycles.
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Figure 3.23: Rb D2 absorption relative to a cold cell spectrum during SEOP on
the Rb D2 line. The oven temperature, day and percentage PXe is displayed in
the legend on the right.

For a fair comparison between runs, AAS relies on the lamp, �bre and optical
cell remaining in the exact same orientation relative to one other for each run. As
the cell is free to rotate in its housing, it can be hard to keep it in a �xed position.
Cell movement can occur when evacuating or �lling the cell with new gas mixes
or if the optical bench is knocked, which can often happen with many users in
the lab. Cell rotation changes the refraction and re�ection of light through the
inner and outer cell walls, glass defects and plated Rb. A solution would be
to make a device that does not allow for rotation. Due to the complexity of
creating a device which prevents any cell movement but does not interfere with
Raman or NMR data collection, the decision was made to explore other ways
of improving experimental repeatability and they are discussed below.

Accelerating the alkali metal plating process

To increase the alkali metal's surface area, it must be arti�cially spread on
the walls of the cell, creating what is henceforth referred to as a �spread cell�.
Alkali metal spreading must be carried out in an evacuated cell, vacuumed down
to ≈ 10−5 Torr. Evacuation is necessary because a lower pressure in the cell
requires less energy for the alkali metal to vaporise [133]. It also increases the
free scattering length within the cell, enabling better di�usion of the alkali metal
throughout the cells volume [134]. The heat gun is focused on the alkali metal
bead itself, on the inner cell windows and on one side of the inner cell. This
process quickly plates the alkali metal onto the cell walls. The windows are
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heated so that the alkali metal does not condense there, allowing the pump
laser to pass through the front and back optical windows unimpeded. The side
of the inner cell nearest the Raman head is heated to prevent condensation so
that the Raman laser can still enter the cell. The alkali metal instead condenses
on the opposite side of the cell, which has not been heated. An example spread
cell can be seen in Figure 3.24.

Figure 3.24: Example of a Rb spread cell

The spread cell was re�lled with the same 400 Torr Xe and 1600 Torr N2 gas
mix. Seven runs were performed at a 100 C oven temperature using the same
procedure as the �rst repeatability experiments. Four runs were taken on the
�rst day and three runs on the second, the results of which are shown in Figure
3.25. Although there was a downward trend there was a signi�cant 4.94-fold
decrease in percentage standard deviation in the spread cell compared to the
"unspread cell". In the unspread cell, the Rb has not been spread arti�cially
but rather left in the large droplet it forms as it is loaded into the cell. The
variation in the unspread cell comes from the Rb spreading out due to repeated
heating and cooling cycles. Eventually, the consistency of the unspread cell may
improve as it reaches the Rb surface similar to that of a spread cell. However,
it is not practical to spend the time required to bed in each cell when the Rb
can easily be spread with a heat gun. Due to their increased consistency, spread
cells were chosen for all further experiments detailed in this chapter.
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Figure 3.25: Final NMR signal (area under the FFT FID peak) from HP 129Xe
at 100 C oven temperature to test the consistency over seven di�erent runs in
a spread cell

3.4.3 General experimental protocol

This section describes the generalities of the Raman SEOP experiments to re-
duce repetition within the chapter. Any di�erences in the experimental protocol
speci�c to an experiment are discussed in that experiment's section.

In all Raman experiments, both the pump and Ramen lasers are brought up
to power and blocked until needed. The pump laser is blocked by a power meter
and the Raman laser by an internal shutter in the laser. The pump lasers output
frequency is adjusted using the water chiller so that its output is resonant with
D1 of the alkali metal being used. When the cell is up to temperature, both
lasers are unblocked, and the run begins.

Raman and NMR measurements are taken at the front, middle and back of
the cell. Raman data is measured above each NMR coil so that both measure-
ments are taken at the same location. Both Raman and NMR acquisitions are
taken at regular intervals of 90 seconds and 60 seconds respectively throughout
the experimental run. The interval of 60 seconds was chosen as a compromise to
ensure high temporal resolution in the NMR build-up curves while minimising
129Xe depolarisation from quick successive NMR pulses. A gap of 90 seconds
was chosen for the Raman as that is the time it takes to collect the spectra
from all three positions. The minimum time between successive Raman acqui-
sitions in the same position is therefore 90 seconds. The Raman laser's location
is changed with the LTS, while the NMR acquisition location is changed by
switching between the three surface coils. At the end of each run, a 1D temper-
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ature map (1DTM) is taken. The 1DTM measures the temperature of the gas
inside the cell from front to back at 10 mm intervals, showing the temperature
variation along the cell under steady-state polarisation conditions. After an ex-
periment is complete, both lasers are blocked, and the NMR crusher pulses are
initiated.

If multiple oven temperatures are being investigated, the experiments are
performed in ascending temperature order. This is more time-e�cient as it is
quicker to increase the temperature of the cell than to reduce it, as this set-up
does not employ active cooling.

3.4.4 The e�ect of 4He on managing N2 temperature in a

spread cell

Introduction

The reasons for 4He's use in the bu�er gas mix is discussed in Section 2.4.9 but
it has another property that may be of use for SEOP, namely a high thermal
conductivity of 0.1513Wm−1K−1. This is signi�cantly higher when compared
to Xe and N2, which have thermal conductivities of 5.56× 10−3Wm−1K−1 and
25.83× 10−3Wm−1K−1, respectively [94]. Rich Xe gas mixes for stopped-�ow
SEOP could bene�t from increased thermal dissipation within the cell. This is
because rich mixes have a low thermal conductivity due to their large Xe fraction
and the gas mix is resident in the cell for a longer amount of time compared
to continuous-�ow polarisers. Richer Xe mixes also allow for an increased spin-
exchange rate between the Rb and 129Xe so more laser light is absorbed by
the Rb compared to leaner mixes, resulting in more energy building up in the
system. All these factors make thermal runaway more likely. 4Hemay be able to
improve heat dissipation from the front of the cell by improving heat conduction
throughout the gas mix, and therefore suppressing thermal runaway at higher
oven temperatures. This could enable cells to be run at higher temperatures,
increasing the ultimate polarisation of 129Xe and reducing polarisation build-up
times.

A previous investigation into the thermal management of 4He was under-
taken by H. Newton et al. They used an unspread cell �lled with 100 Torr Xe
with increasing fractions of 4He in the 4He/N2 bu�er gas mix, up to a total
pressure of 2000 Torr. The investigation showed that a fraction of 4He at a
partial pressure of 1400 Torr was able to reduce the gas temperature by 100
C and suppress the onset of Rb runaway [135]. This, however, did not result
in a higher PXe and, contrary to prediction, the polarisation decreased in this
experiment [135].

The experiments detailed below were undertaken to investigate whether
4He could suppress thermal runaway in a spread cell. This is because clinical
stopped-�ow polarisers use spread cells to take advantage of higher Rb vapour
densities at lower temperatures. As the alkali metal vapour density is higher in
a spread cell and as a result absorbs more energy from the OP laser, the e�ect
from the 4He may be reduced.
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Methods

The experiments used gas mixes with a total pressure of 2000 Torr with 10%
(200 Torr) Xe. Three bu�er gas mixes were used with increasing fractions of
4He. The �rst bu�er gas mix was 1800 Torr of pure N2, which acted as the
control. The two other bu�er gas mixes were 200 Torr 4He / 1600 Torr N2 and
500 Torr 4He / 1300 Torr N2. The �rst set of experiments used the general
experimental protocol detailed above. SEOP was performed for 11 minutes,
and a 1DTM was collected at the end of each experiment. The �rst set of
experiments only used an 11-minute build-up time because of time constraints
from an upcoming conference, the International Xenon Symposium (XeMAT).
After the conference, the same set of gas mixes were repeated with a 31-minute
build-up time to allow the polarisation to reach steady-state and con�rm the
�ndings of the initial experiments. Each gas mix was run at three di�erent
oven temperatures: 80 C, 120 C and 160 C. These temperatures were chosen
as they would show how 4He a�ected the N2 temperature both in steady-state
and runaway conditions. The laser used in the experiment was a BrightLock
Ultra100 Rb laser tuned to the Rb D1 line. The laser produced ≈ 30W of
on-resonance power at the time of the experiment.

Results

The initial 11-minute experiments showed that, for all oven temperatures, the
4He fraction had no signi�cant e�ect on the average N2 temperature within
the cell or the temperature variation across the cell. The PXe achieved after 11
minutes was also una�ected.

At 80 C, the PXe was 13.2% ± 3%, 11.0% ± 2% and 10.4% ± 2% for 200
Torr 129Xe / 1800 Torr N2, 200 Torr 129Xe / 1600 Torr N2 / 200 Torr 4He and
200 Torr 129Xe / 1300 Torr N2 / 500 Torr 4He gas mixes, respectively after
11 minutes. At 160 C, the �nal polarisation was 16.0%± 3%, 16.6%± 2% and
15.7%±3% for the same gas mixes. At 160 C, the polarisation levels peaked and
then reduced, a sign of Rb runaway. Runaway occurred for all bu�er gas mixes,
showing 4He was not able to suppress it. The 4He fraction did not signi�cantly
a�ect the �nal PXe either, as shown in Figure 3.26.
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Figure 3.26: Polarisation build-up at di�erent 4He fractions in the bu�er gas
mix. 2000 Torr gas mix with 200 Torr Xe at 80 C and 160 C oven temperature
in a spread cell

At an oven temperature of 80 C, the average temperatures for the three
bu�er gas mixes across the 1DTM were 84C ± 5C, 76C ± 4C and 84 ± 5C in
order of increasing 4He fraction. In the same order of gas mixes, the average N2

temperatures for a 120 C oven temperature were 129C ± 8C, 121C ± 10C and
127C±9C. Lastly, the average N2 temperatures for the 160 C oven temperature
were 172C±22C, 153C±17C and 164C±13C. Figure 3.27 shows that there are
two points in the 160C 1DTM (green and purple lines) where the temperature
is higher than those around them. As the heat pipe forces hot air through the
middle stem in the underside of the cell (See Figure 3.8), there could be an
increased Rb vapour density local to the heat pipe. This could cause increased
heating in the middle of the cell from higher local Rb laser absorption.

The reason these experiments did not measure a reduction of N2 tempera-
ture with increasing 4He as seen in the work by H. Newton et al. could be a
result of the higher Rb vapour density within a spread cell. Additionally, the
200 Torr of Xe was double that used in H. Newton et al.'s experiments. This
meant the gas mix had a reduced thermal conductivity when using an equiva-
lent 4He partial pressure. These factors contributed to the reduced e�ect of the
increased thermal conductivity provided by 4He. 4He was therefore not able
to signi�cantly reduce the internal N2 temperature and prevent the onset of Rb
runaway at 160 C .
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Figure 3.27: 1DTM taken along the length of the cell from front (where the OP
laser enters) to the back at di�erent 4He fractions in the bu�er gas mix. 2000
Torr gas mix with 200 Torr Xe at 80 C, 120 C, 160 C oven temperature in a
spread cell

After the XeMAT conference, the experiments were repeated with a 30-
minute PXe build-up. This was to con�rm the results achieved in the initial 11-
minute experiments. It also allowed more time for the PXe to build up and for
the temperature to stabilise before the 1DTM was taken. The �nal polarisation
after 31 minutes in order of increasing 4He partial pressure was 17.4% ± 3%,
20.4%± 4% and 15.0%± 3% at 80C. At 160 C, the �nal PXe was 19.8%± 4%,
17.7%± 4% and 12.9%± 3% for the same gas mixes. These results agreed with
the initial 11-minute build-up experiments, as the increased 4He fraction in the
bu�er gas mix did not signi�cantly change the �nal PXe achieved. (See Figure
3.28).
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Figure 3.28: Polarisation build-up at di�erent 4He fractions in the bu�er gas
mix. 2000 Torr gas mix with 200 Torr Xe at 80 C and 160 C oven temperature
in a spread cell with a 31-minute build-up

The 1DTM maps also generally agreed with the previous data in that there
was no signi�cant di�erence in the average N2 temperature across the cell with
increasing 4He partial pressure. However, the average temperature was higher
in the 30-minute experiments as the cell had almost triple the time to absorb
energy.

The one exception is that, at 80 C, there is a small signi�cant di�erence
between the average temperature at 80 C with no 4He and 500 Torr 4He of
≈ 5C. At an oven temperature of 80 C, the average temperatures across the
1DTM were 97C±5C, 105C±12C and 81±7C for gas mixes 200 Torr 129Xe /
1800 TorrN2, 200 Torr 129Xe / 1600 TorrN2 / 200 Torr 4He and 200 Torr 129Xe
/ 1300 Torr N2 / 500 Torr 4He, respectively. In the same order of gas mixes,
the average N2 temperatures for an 120 C oven temperatures were 148C ± 9C,
144C ± 10C and 131C ± 12C.

Lastly, the average N2 temperatures for the 160 C oven temperature were,
in order of increasing 4He partial pressure, 187C ± 22C, 179C ± 29C and
152C±27C. In the longer 30-minute experiment, when a cell enters Rb runaway,
it spends more time in the feedback loop. This leads to an increased cell temper-
ature and Rb vapour density compared to the 11-minute experiment. Increased
light absorption at the front of the cell occurs due to this higher Rb vapour
density, and, as a result, a larger thermal gradient builds across the cell. At
160 C oven temperature, the thermal gradients between the hottest and coolest
region of the cell are, in order of ascending 4He fraction, 72C±25C, 83C±13C
and 97C ± 18C. These �ndings con�rm the results seen in the 11-minute ex-
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periments that, in a spread cell, the increased fraction of 4He does not improve
the thermal gradients across the cell during runaway. The corresponding 1DTM
maps are shown in Figure 3.29.

Figure 3.29: 1DTM at di�erent 4He fractions in the bu�er gas mix. 2000 Torr
gas mix with 200 Torr Xe at 80 C, 120 C, 160 C oven temperature in a spread
cell after 31-minute build-up

Discussion

These experiments were undertaken to investigate if, in a spread cell and rich
Xe gas mix, 4He could reduce the gas temperature gradient within the cell.
This, in turn, could have prevented the onset of Rb runaway in a stopped-�ow
polariser and o�ered an increased PXe and polarisation build-up rate at higher
oven temperatures. The hope was that this could then be applied to current
stopped-�ow polarisers with rich Xe gas mixes where spread cells are the norm.
This could have enabled higher PXes to be achieved quicker, increasing MRI
image quality and HP 129Xe production speed.

This is in contrast to the conclusion found by J. Birchall et al. when in-
vestigating 4He's e�ect on the polarisation achieved during SEOP in rich Xe
gas mixtures in the context of improved patient tolerability [136]. They found
a small increase, 1.13± 0.08 and 1.14± 0.04 in PXe when utilising a bu�er gas
rich in 4He compared to a pure N2 bu�er gas and was slightly more thermally
stable, providing a greater window for SEOP. However, they used a larger 4He
fraction in the bu�er gas mix of 900 Torr (45%) to achieve this and they used a
two-inch cell, sub 71 C oven temperatures and 170 W. This is not what the data
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indicated with in these experiments. 4He at the partial pressures used seemed
to o�er no bene�t to the polarisation achieved at high oven temperatures or
improve thermal management in a 1-inch cell. This could be due to the smaller
surface area of the 1-inch to allow heat dissipation or due to the smaller 4He
fractions and thus the small increase in PXe seen by J. Birchall et al. was not
observed.

3.4.5 Caesium SEOP

The most common alkali metal used in 129Xe SEOP is Rb. Rb has a large
spin exchange cross-section, so it can easily exchange its spin to 129Xe [137].
Furthermore, Rb only requires a moderate cell temperature to produce a vapour
pressure that can facilitate SEOP [138].

Laser technology was perhaps one of the most important factors in Rb's
widespread use in SEOP. There are many companies that are producing high-
power narrow-band lasers tuned to the Rb D1 line [139, 140, 141]. Since lasers
are one of the biggest expenditures when building a polariser, Rb o�ered a lower
barrier to entry compared to other alkali metals such as Cs or K.

Cs however has several properties that make it more suitable than Rb for
129Xe SEOP. The binary spin-exchange cross-section between Cs and 129Xe is
between 1-1.90 times the size of the binary cross-section between Rb and 129Xe
[142] increasing with Xe partial pressure. In addition, the spin-destruction cross-
section between Cs and 129Xe is 50% of the Rb and 129Xe's spin-destruction
cross-section [143]. Therefore the increasing spin destruction from higher 129Xe
partial pressures has less of an e�ect on Cs polarisation compared to Rb, which
becomes more signi�cant in richer mixes. Cs also has a higher vapour density
compared to Rb at the same temperature, providing a greater number of Cs
nuclei for optical pumping at a given temperature. This could also be thought
of as being able to achieve comparable results to the Rb with Cs the requires
lower oven temperature, reducing the energy requirement of the system.

Cs is not without its disadvantages; the lack of high-power light sources in
the early days of SEOP means it is playing catch-up to Rb. As a result, there
are more manufacturers making Rb at 795 nm. This means Cs lasers are still
costly compared to their Rb counterparts at a similar power and linewidth.
Furthermore, Cs is a harder metal to work with than Rb as it is one of the most
reactive metals on the periodic table [144]. When exposed to the oxygen in the
air, it can ignite spontaneously, so extra care must be taken when cleaning and
loading a cell with Cs. It is also one of only a few metals that is liquid at room
temperature. Attention must also be paid to ensure the liquid Cs does not get on
the cell windows, as it can easily slide over the SurfaSilTM coating to the end of
the cell. In a clinical setting, where the HP gas mix is delivered to a patient, the
cell must be cooled well below room temperature to prevent the Cs leaving the
cell during gas extraction. This is to stop Cs reacting with the moisture in the
human body during inhalation, which can cause thermal and chemical burns to
the patient. Rb will also react with the moisture, but its reaction is less violent
[144, 131, 145]. After the two alkali metals react with the water in the body,
they form rubidium hydroxide (RbOH) and caesium hydroxide (CsOH). RbOH
and CsOH are severely corrosive to the body tissue and can be destructive to
the respiratory tract, which can result in in�ammation, chemical pneumonitis
and oedema. The subject can then experience symptoms from coughing and

84



shortness of breath to nausea and vomiting [146, 147]. It is therefore imperative
that all alkali metals are separated from the HP 129Xe gas mix before it is
administered to the subject. There is no data for acute lethal doses in humans,
however, the median lethal doses (LD50) in rats for RbOH and CsOH are 586
mg/kg and 570 mg/kg. It is highly unlikely that a subject will receive a lethal
dose of either alkali metal during the inhalation of the HP 129Xe gas mix, but
this does not negate the need to remove the alkali metal to safeguard the subject
from the other adverse e�ects.

3.4.6 Comparison between Cs and Rb SEOP in a spread

cell

Introduction

N. Whiting et al. have compared the polarisation achieved in rich Xe gas mixes
when optically pumping on the Cs D1, Cs D2 and Rb D1 lines. They found
Cs to o�er a two-fold improvement in polarisation. Another study involving
Cs in 129Xe SEOP looked at using a hybrid of Rb and Cs in the same cell
and was undertaken by J. Birchall et al. [148, 115]. They found that, contrary
to predictions, Cs suppressed PXe from SEOP when introduced to an Rb cell,
although it did indicate greater thermal stability and faster build-up time [115].
They also took Raman N2 measurements of the regime. The resultant PXe
has been compared when using SEOP with the two alkali metals, and Raman
spectroscopy has been used to measure the e�ect on internal cell N2 temperature
Cs has on a hybrid regime. However, no investigations had been undertaken
that compare the in-cell N2 temperatures between pure Rb and Cs cells during
SEOP, and the following experiments aimed to �ll that knowledge gap.

Methods

The investigation was undertaken using both �lean� (3% Xe) and �rich� (10% Xe)
2000 Torr gas mixes. A lean gas mix was selected as it is the same Xe fraction
used in the Polarean 9810 polariser which produces HP 129Xe for clinical work
in the QMC. The rich mix was chosen as it is a similar 129Xe fraction to the rich
regime used in the initial XeNA and XeUS stopped-�ow polariser work [25, 24].
This means that the data would have relevance to a range of clinical polarisers,
should users be thinking of making the switch to Cs.

Rb and Cs are spread in their respective cells as detailed in Subsection 3.4.2.
Two lasers are used: Cs BrightLock and Integra. Each laser performs SEOP
on both rich and lean gas mixes. The Cs BrightLock was close to the end of
its predicted lifetime, and could not, therefore, exceed 30 W of on-resonance
power out of the polarising cube while tuned to the Cs D1 line. In order to
have a like-for-like comparison, the output of the Integra laser from polarising
cube also needs to be 30 W. This was achieved by reducing its output power
and raising its internal temperature to keep the laser output on the Rb D1 line.
However, it was not possible to reduce the output power to 30 W while keeping
the laser within safe operating temperatures. The laser light is not completely
linearly polarised when exiting the �bre and after collimation, hence the need
for the linear polarising cube. If the cube is rotated about the beam axis, it
is possible to increase or decrease the fraction of photons that are transmitted
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through the cube. The remaining photons are rejected by the cube and sent
to the beam dump. The cube, beam dump and quarter waveplate setup were
rotated until the power of the laser light entering the cell was 30 W. By keeping
the quarter waveplate in the same orientation relative to the polarising cube,
the laser light entering the cell remains circularly polarised.

The cells were run at a range of di�erent oven temperatures to �nd the
optimal oven temperature for each alkali metal. Each experimental run took just
over 30 minutes. NMR was taken every 60 seconds and a Raman spectrum every
90 seconds. A 1DTM was also taken at the 30-minute mark. Optimal conditions
for each gas mix and alkali are de�ned as the conditions under which the �nal
PXe is highest. Optimal �nal PXe and build up rate (γSEOP ) are calculated by
�tting a Box-Lucas exponential function to a graph of PXe against time. The
equation for γSEOP can be seen in Equation (3.18). It Is the reciprocal of the
build-up time (TB), which is the product of the spin exchange (γSE) and spin
destruction (γSD) rate.

γSEOP =
1

TB
= γSE + ΓSD = γSE +

1

T1
(3.18)

Results

The rich PXe build-up curves are shown in Figures 3.30 and 3.31 for the Cs and
Rb cell, respectively. A greater maximum PXe under optimal conditions was
achieved in the Cs cell compared to the Rb cell.

Figure 3.30: PXe build-up curves with a 200 Torr Xe and 1800 Torr N2 gas mix
in the Cs cell using a 30 W laser
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Figure 3.31: PXe build-up curves with a 200 Torr Xe and 1800 Torr N2 gas mix
in the Rb cell using a 30 W laser

The Cs cell achieved a maximum PXe of 30.5%±1.1% and the Rb a maximum
PXe of 13.3% ± 0.4%. Optimal build-up curves are presented in Figure 3.32.
γSEOP was not signi�cantly di�erent between the two alkali metals, despite
the di�erence in Pmax. The data concurs with the results presented by N.
Whiting [149], which also showed an approximate two-fold increase in PXe when
optical pumping on the Cs D1 line compared to the Rb D1 line under optimal
conditions. Due to the low Xe partial pressure (>250 Torr), the spin-exchange
cross-section between Xe and Rb/Cs is not signi�cantly di�erent according to
measurements made by N. Whiting et al. [149]. The main contributing factors in
the di�erence in maximum PXe between Rb and Cs are thought to be increased
Cs vapour density and the lower energy Cs D1 line, meaning there are more
photons per watt of light compared to Rb. The optimum Cs run had an average
internal N2 temperature of 205C ± 11C compared with 162C ± 19C of the
optimum Rb run. A slight elevation in N2 temperature was measured in the
middle of the cell, attributed to the hot air being forced into the outer cell
through the central stem. The average internal N2 temperature was 100 C
above the oven temperature for the Cs cell and only 20 C for the Rb cell at
optimal conditions. This is due to the higher partial pressure of Cs compared to
Rb [138], resulting in a higher Cs vapour density and therefore increased laser
light absorption at lower oven temperatures.
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Figure 3.32: Optimal build-up curves using a with 200 Torr Xe and 1800 Torr
N2 gas mix in the Cs and Rb cells

Under optimal oven conditions, the temperature di�erence between the front
and back of both cells was small, at 16.6 C for the Cs cell and 19.9 C for the
Rb cell (see Figures 3.33 and 3.34). The lack of a strong thermal gradient
between the front and back of the cell and the polarisation build-up curves
indicate that neither cell entered runaway. Once the Cs cell's oven temperature
was increased to 120 C, the cell entered the runaway regime. This is shown by
the front N2 temperature signi�cantly increasing from ≈179 C to ≈329 C at
respective oven temperatures of 100 C and 120 C. The runaway feedback loop
increased the Cs vapour density at the front of the cell, absorbing more of the
pump laser and reducing light transmission to the rear of the cell. As a result of
Cs runaway, a signi�cant thermal gradient of 163 C along the cell can be seen in
the 1DTM. With increased opacity, the Cs polarisation dropped and increased
the proportion of unpolarised Cs, which then absorbed more incoming laser
light, adding to the runaway feedback loop. The reduction in Cs polarisation,
in turn, reduced the �nal PXe to 15.9%± 1.1%.
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Figure 3.33: 1D temperature maps with 200 Torr Xe and 1800 Torr N2 gas mix
in the Cs cell

Figure 3.34: 1D temperature maps with 200 Torr Xe and 1800 Torr N2 gas mix
in the Rb cell

89



Increasing the oven temperature to 140 C exacerbates the e�ects of runaway
and the N2 temperature therefore rises. At 140 C, the front N2 temperature
was 418 C with a thermal gradient of 236 C along the cell. After peaking, the
PXe reduced to an even lower steady polarisation of 5.9%±0.8% because of the
more extreme Cs runaway.

The Rb cell did not enter runaway conditions under any of the oven temper-
atures investigated. The �nal Rb polarisation increased with oven temperature,
as a result of higher Rb vapour density. The average N2 temperatures were
107C±10C, 126C±15C, 137C±19C and 162C±19C for oven temperatures of
80 C, 100 C, 120 C and 140 C, respectively. These are slightly elevated over the
oven temperature due to the laser heating. The temperature gradients along
the cell were less than 25 C for all oven temperatures. This shows that the Rb
vapour density was low enough that the regions towards the rear of the cell were
not shadowed by those at the front.

In the lean gas mix, the lower partial pressure of 129Xe caused the (129Xe
- 129Xe) and (Rb or Cs - 129Xe) spin destruction collisions to decrease. This
allowed the PXe to build up to a higher value, as shown in Figure 3.35 and
3.36. Although the percentage PXe is higher in the lean mix compared to the
rich mix, the bulk magnetisation is lower. This agrees with the results found by
N. Whiting [150] and con�rmed in the XeNA and XeUS rich mix stopped-�ow
clinical polarisers studies [25, 24].

Figure 3.35: PXe build-up curves with 60 Torr Xe and 1940 Torr N2 gas mix in
the Cs cell
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Figure 3.36: PXe build-up curves with 60 Torr Xe and 1940 Torr N2 gas mix in
the Rb cell

The optimal oven temperatures for the lean mixes were the same as for the
rich mixes, at 100 C for the Cs cell and 140 C for the Rb cell. The optimal
polarisation build-up curves are shown in Figure 3.37. A maximum PXe of
87.0%± 3.3% is achieved in the Cs cell and 46.9± 0.9% for the Rb cell. There
was no signi�cant di�erence in build-up rates between the rich and lean Cs cells.
The Rb cell saw a small increase in the optimal build-up rate, attributed to the
reduced spin destruction from 129Xe, which has a more signi�cant e�ect on Rb
polarisation compared to Cs polarisation.
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Figure 3.37: Optimal build-up curves with a 60 Torr Xe and 1940 Torr N2 gas
mix in the Cs and Rb cells

The internal N2 temperature was lower in the lean mix than in the rich mix,
as were the thermal gradients across the cell. 1DTMs for the lean mix are shown
in Figures 3.38 and 3.39. For the optimal oven temperatures, the temperature
gradient from front to back was less than 11 C for both cells. The average cell
temperature across the Rb cells was lower in the leaner mix, but the di�erence
was not signi�cant.

In the order of ascending oven temperature, the average N2 temperature
in the Rb cell was calculated to be 93C ± 6C, 117C ± 9C, 139C ± 9C and
160C ± 13C. The increased N2 partial pressure and the reduced 129Xe partial
pressure also contributed to the reduction in the N2 temperature in the lean
gas mix. Energy absorbed by the N2 in quenching collisions was spread over a
larger amount of N2 molecules. The thermal conductivity of the lean gas mix
was also higher because N2 has a higher thermal conductivity than 129Xe [94].
Therefore, the leaner gas mixes can conduct more heat away to the cell walls.
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Figure 3.38: 1D temperature maps with 60 Torr Xe and 1940 Torr N2 gas mix
in the Cs cell

Figure 3.39: 1D temperature maps with 60 Torr Xe and 1940 Torr N2 gas mix
in the Rb cell
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Discussion

The PXe data con�rms the �ndings of N. Whiting [149] that, under optimal
SEOP conditions and using comparable laser power, Cs o�ers a two-fold im-
provement in the PXe compared to Rb. Optimal conditions of Cs can be
achieved at a signi�cantly lower oven temperature than Rb requiring less energy
to achieve a greater �nal PXe

Measuring the N2 temperature with Raman spectroscopy showed that, al-
though the Cs can o�er a higher PXe at lower oven temperatures the system
can also be pushed into runaway conditions at lower oven temperatures. Dur-
ing runaway the temperature at the front of the cell can be upwards of 170 C
above the oven temperature, which causes a signi�cant reduction in the �nal
polarisation.

The increase in 129Xe partial pressure increases the bulk magnetisation that
can be achieved with both Cs and Rb. The internal N2 temperature does, how-
ever, rise as a result. This temperature rise is predicted to be more pronounced
in richer gas mixes and when using more powerful lasers. If using Cs for SEOP
in a stopped-�ow polariser using a high-powered laser (>150 W), like with the
XeUS platform discussed in Chapter 4, the thermal management of the cell will
only require very low oven temperatures to produce high PXe levels. However,
the oven temperature will need to be tightly controlled as small temperature
�uctuations could cause signi�cant changes in Cs vapour density and push the
system into runaway.

Utilising Cs in a clinical setting could open the door to a higher PXe in
similar production times. Alternatively, if speed, not ultimate polarisation was
the goal, Cs could lower the HP 129Xe production time to reach an equivalent
PXe target compared to Rb. A lower duty cycle time is bene�cial as bags can
be produced quicker, meaning more images can be taken during a subject's visit
or visit times can be shortened, reducing costs.

In future work, it would be bene�cial to repeat these experiments using a
higher-powered laser (>150 W) so that the data is more representative of the
regimes seen in stopped-�ow clinical polarisers.

3.5 Conclusion

These experiments used Raman spectroscopy to investigate the e�ect of di�erent
starting conditions on the N2 temperature inside the cell during 129Xe SEOP.
This is to inform the operators of stopped-�ow clinical polarisers so that they
can maximise the PXe achieved on their devices.

The �rst set of experiments found that 4He does not o�er a signi�cant
improvement in the thermal management or the �nal PXe in a one-inch spread
cell in the 4He fractions studied. However, in a clinical setting, the addition
of 4He would reduce the density of the gas and, as suggested by J. Birchall,
may make the gas more tolerable to patients as it is easier to inhale [136]. This
potential increased tolerability would have to be quanti�ed and weighed against
the increased costs of 4He in the gas mix to determine its value in a clinical
setting.

The comparison of SEOP between Cs and Rb in a spread cell found that
the Cs enters runaway at lower oven temperatures. If a Cs cell can be kept out
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of the runaway regime, the PXe can be ≈ two times higher than Rb. Thermal
management is the key to achieving high PXe with Cs. Controlling the cell
temperature is even more essential in stopped-�ow clinical polarisers with richer
129Xe gas mixes and higher laser powers [24, 25].

The drawback to these experiments is the low power of the lasers used. It
was not possible to investigate the internal N2 temperatures with high laser
powers equivalent to those used in the current stopped-�ow clinical polarisers
[24, 25].

The range of Xe partial pressures used o�ered a good starting point for
these initial experiments. However, they were too low to take advantage of
the di�erence in Rb-Xe and Cs-Xe spin-exchange cross-sections exhibited at
higher Xe partial pressures. Using lower-powered lasers and Xe partial pressures
therefore only gives an indication of behaviour expected at higher laser powers
and not an exact prediction. Increasing the laser power and the range of Xe
partial pressures used is recommended as the next step in this work. Higher laser
powers and rich Xe gas mixtures with Rb resulted in higher bulk magnetisation
at the optimum temperatures, which is discussed in Section 4.2.2. Using Cs
in this regime could result in higher �nal bulk magnetisation. The high Xe
partial pressures should also result in faster build-up times as the Cs-Xe spin-
exchange cross-section at the pressure will be above that of Rb-Xe, providing
thermal management is robust enough. Taking tandem Raman data in the
regime described would give a total picture of the thermal dynamics within the
cell when using Cs compared to Rb.

It is important to note that, despite the advantages displayed by Cs in these
experiments, Rb is used in all the SEOP polarisers detailed in the following
chapters. This is due to the availability of the lasers at both the University
of Nottingham and Wayne State University. The cost of procuring equivalent
power Cs lasers to replace the Rb lasers already acquired would have been on
the order of ¿10,000 per laser, which was not feasible in the scope of this thesis.
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Chapter 4

Upgrade and quality
assurance of a N-XeUS2
stopped-�ow xenon-rich
SEOP polariser

4.1 Introduction

This chapter details the construction, redesign and testing of the N-XeUS2, a
semi-automated stopped-�ow clinical polariser. This polariser is an upgrade
of the N-XeUS polariser built by J. Skinner [151] and the upgrade involved
modi�cation of most of the polariser's sub-systems.

The purpose of the N-XeUS2 is to hyperpolarise 129Xe via SEOP for clinical
research. The end goal is to deliver HP 129Xe to patients and healthy volun-
teers in the SPMIC unit in the QMC. The N-XeUS2 will replace a Polarean
9810 continuous-�ow polariser [152]. This chapter starts with a comparison of
continuous and stopped-�ow polarisers and then discusses the operation and
construction of the N-XeUS2 as well as its previous design iterations. The
chapter concludes with the results of testing the XeUS2 design, including its
polarisation build-up rates, maximum polarisation and cell lifetimes, comparing
them to the Polarean 9810.

4.2 Stopped-�ow vs continuous-�ow polarisers

4.2.1 Operation

Continuous-�ow polarisers

By de�nition, a continuous-�ow polariser continually �ows the Xe gas mixture
through the optical cell during SEOP. The theory of SEOP is described in
Section 2.4.7. The HP 129Xe is collected and separated from the rest of the gas
mix using cryo-collection [21]. Cryo-collection works by �owing the HP 129Xe
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gas mix through a cold �nger submerged in liquid N2, which creates a low-
temperature surface that causes the cyro-collection of 129Xe gas. The liquid N2

does not cause the bu�er gases (N2 and 4He) to solidify, as 129Xe solidi�es at a
higher temperature (161 K). It can therefore be separated from the bu�er gases
and collected in solid form.

The amount of polarisation loss during storage is dictated by the T1 relax-
ation of 129Xe. The cold �nger is kept in a high magnetic �eld to increase the
T1 of the HP 129Xe [153]. After the desired amount of 129Xe has been collected,
it is then quickly thawed out [153] and delivered to a bag before it is given to
the patient.

The Polarean 9810 is the continuous-�ow polariser used to produce HP 129Xe
for the work undertaken in Chapters 5, 7 and 8. Which utilises a lean mixture
of between 1% and 3% naturally abundant Xe, 10% N2 and the balance 4He. It
operates at a cell temperature of 130 C, using a pre-saturator to increase the Rb
vapour density with the cell. A full description of its hardware and operation
can be found in Chapter 5.

Stopped-�ow polarisers

In a stopped-�ow polariser, the optical cell is �lled with the required gas mix
and then sealed [25]. During SEOP, the cell remains sealed until the 129Xe has
reached the desired polarisation level. The cell is then cooled, causing the alkali
metal to condense back into a solid, which separates it from the HP gas mix.
Cooling ensures the gas mixture is at a temperature that does not damage its
target. The cell is then opened, and the HP gas mix is delivered to its target.
For clinical polarisers, the HP gas �lls a Tedlar bag for inhalation [25]. Raman
experiments in Chapter 3 also use a stopped-�ow procedure, although, in those
experiments, the gas was not sent to another location after SEOP had taken
place.

4.2.2 Gas mixes

Continuous-�ow polarisers

In continuous-�ow polarisers, the gas mix is resident inside the cell for a short
period of time and exploits the fast spin exchange between Rb and 129Xe to
hyperpolarise the 129Xe. The method was �rst employed by Driehuys et al.
using a laser with a broad linewidth [20]. The gas is run through the cell at
high pressure, broadening the Rb D1 line for e�cient absorption of the pump
laser photons. At higher pressures, however, the Rb-Xe spin destruction rate is
increased (See Equation (2.24), in Chapter 2).

In order to minimise spin destruction, the partial pressure of Xe is kept low,
leading to a lean Xe gas mix of typically 1-3% [154]. Cryo-collection is therefore
a vital part of a continuous-�ow polariser as it enables a su�cient volume of HP
129Xe to be collected from a lean gas mix. This poses a problem as the 129Xe
slowly depolarises while it is being stored in solid form. A balance needs to be
struck when selecting the �ow rate of the gas through the cell. A quicker �ow
rate will mean a shorter collection time for a set volume of Xe gas. A faster �ow
rate also means there is less time for Rb-Xe spin exchange to occur, reducing
the percentage polarisation of gas leaving the cell. A more in-depth explanation
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of the theory and exploration of this parameter space is discussed in Section
2.4.7 .

The bu�er gases used in continuous-�ow polarisers are typically N2 and 4He,
whose function has already been described in Section 2.4.7. The Xe then �ows
to the target for continuous NMR and MRI measurements.

Stopped-�ow polarisers

Stopped-�ow clinical polarisers typically use higher Xe fractions in their gas
mixes (> 10%) compared to continuous-�ow polarisers. As a result, they do not
have to �ow gas mixes through the cell and perform cryo-collection to produce
an HP gas sample with su�cient volume and bulk magnetisation.

There is an unexpected relationship between the peak polarisation of 129Xe
and its partial pressure in the cell [150]: higher Xe gas densities achieved peak
polarisation at lower temperatures [150]. This relationship was discovered dur-
ing stopped-�ow Xe studies using volume holographic grating narrowed laser
diode arrays (VHG LDAs) [150]. The VHG LDAs could o�er a narrower spec-
tral width, reducing the FHWM from 2 nm to 0.3 nm. However, VHG feedback
makes tuning the central wavelength of a VHG LDA non-trivial compared to
simple thermal tuning (≈0.3 nm/C) of in standard LDAs [155]. The increased
coupling between the narrowed lasers output and the Rb D1 line negated the
need to pressure broaden the Rb D1 line with high gas pressures inside the cell.
Furthermore, the 4He is no longer required in the gas mix to further broaden
the Rb D1 line.

Figure 4.1: HP 129Xe signal for rich Xe gas mixes and oven temperatures re-
produced from [150]

When using richer Xe gas mixes with these narrower lasers, the polarisation
was higher than expected based on previously reported data [156]. The polarisa-
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tion did not fall to zero as the Xe partial pressure increased, but rather reached
a non-zero steady-state [157]. Results showed that the optimum temperature for
maximum percentage polarisation reduced as the Xe partial pressure increased.
However, under optimum conditions, higher Xe partial pressures gave higher
bulk magnetisations, despite the percentage polarisation reducing.

The inverse relationship between optimum cell temperature and Xe density
is linked to Rb spin destruction. This is related to the spin rotation interaction
between Rb and Xe. At higher 129Xe partial pressure, this interaction causes
the Rb vapour to become less transparent, meaning less of the Rb vapour will
undergo optical pumping. As less laser light is transmitted through the whole
cell, the Rb polarisation and in turn PXe are reduced.

In order to counteract the increased Rb vapour opacity, its density must be
reduced. By reducing the oven temperature, less Rb is vaporised and pump
laser transmission through the cell is increased. Since high-power lasers are
being used, there is an excess of photons on the Rb D1 line. As the 129Xe
fraction increases so does the SEOP rate; Rb density can therefore be reduced
for an equivalent laser power to achieve the optimal PXe.

4.3 XeNA

�XEnon polarisatioN Automated� (XeNA) was the �rst stopped-�ow polariser
created by the multi-team consortium between researchers at Vanderbilt Uni-
versity, Southern Illinois University and the University of Nottingham. The
consortiums' goal was to create a cost-e�ective open-source 129Xe polariser.
The reason behind this design goal was that the polariser could then easily be
replicated for a relatively low cost by any other team that needed a 129Xe po-
lariser for their research. To achieve this, XeNA is composed of mostly stock
parts that are easy to procure [158].
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Figure 4.2: Diagram and photo of the XeNA polariser reproduced from [25]

XeNA was the �rst step towards creating a fully automated polariser and was
built around an Arduino Mega 2560 micro-controller. The Arduino controls the
gas handling manifold, laser power, and NMR systems. It also monitors the cell
temperature and manifold pressure using a bespoke GUI. The GUI was created
using a software package called �Processing� [159]. Both Arduino and Processing
are free software packages and are open source, in keeping with XeNA's design
ethos [158].

XeNA's cells were �lled with gas mixes with pressures up to 2000 Torr and
could produce one litre of HP gas mix per hour. XeNA was able to produce
samples with 90%, 57%, 50%, and 30% PXe at 300 Torr, 500 Torr, 760 Torr
and 1570 Torr partial pressures of 129Xe, respectively [25]. The polariser is
currently in use at Brigham Women's Hospital at the Harvard Medical School,
where it produces HP 129Xe for various lung imaging studies [160].

XeNA comprises the following sub-systems: a 200 W frequency-narrowed
laser, a gas handling manifold, a vacuum pump system, a magnetic B0 �eld
created by four 24-inch Helmholtz coils, an automated control system and an
oven for the optical cell.

The gas used in the heating and cooling systems comes from a self-pressurising
liquid, N2 Dewar. To produce hot air for the oven, the gas is passed through a
pair of 400 W heat pipes mounted inside an aluminium enclosure. Liquid N2 is
used instead of forced air because it means XeNA is not reliant on an external
compressed airline to operate, increasing the number of locations it can be used.
XeNA can perform cryo-collection if needed, but the high bulk magnetisation
produced with the rich mixes negates the need for this step. Full details and
speci�cations of the XeNA are discussed in a paper by P. Nikolaou et al. [158].
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4.4 XeUS

The lessons learnt from the XeNA polariser enabled the design to be re�ned
and led to the creation of a second-generation polariser, the �Xenon Ultimate
Spin-exchange� (XeUS). This polariser is an improvement on the XeNA as it has
a simpler design and fully automated operation. The simpler design reduces the
build cost and the number of components needed, aligning the XeUS even closer
with the low-cost, open-source mission statement set out by the consortium.
Re�nements to its design automation increased its ease of use, streamlining the
training process for new users. This section covers the sub-systems that make
up the XeUS and acts a primer for the sections discussing further iterations of
the design, i.e. the N-XeUS and N-XeUS2.

4.4.1 Gas handling manifold

Compared to the XeNA, the XeUS's gas handling manifold is simpli�ed by
reducing the number of pneumatic valves. Fewer valves mean fewer connections,
decreasing the chance of leaks in the manifold. Furthering its simplicity, the
XeUS only uses one pre-mixed cylinder of Xe/N2. This comes at the expense
of �exibility, as the cylinder needs to be swapped out should another gas mix
be required. In a clinical setting, however, this is not a large drawback as, once
the gas mix is selected, the chance of it being changed is low.

1
8 -inch tubing is used where possible to reduce the manifold's dead volume

and therefore reduce the polariser's gas consumption. This has the added bene�t
of removing the need for a gas snubber, as the thinner tubing is able to impede
the �ow rate of the gas, reducing the stress the glass cell experienced while it is
�lled.

A particle �lter was installed on the outlet side of the manifold between the
cell and the bag. This removes any residual Rb vapour in the Xe gas mix during
gas extraction.

4.4.2 Oven and TEC thermal management system

The body of the XeUS oven is 3D printed using a fused deposition modeling
(FDM) 3D printer with a polycarbonate �lament [161]. Its 3D printed design
o�ers several advantages over traditional manufacturing methods. It allowed
for rapid prototyping, so the �nal design could be reached more e�ciently and
quicker than with traditional processes where each design iteration has to be
sent o� to a fabricator. The lid, thermoelectric cooler (TEC), cell mounts,
optical window, rotary blower and NMR co il mount all �t �ush with the oven
body. The resolution of modern 3D printers means that there is no air gap
between the oven walls and any of the components [162]. Continuity of the
components means the oven is well insulated. Polycarbonate is used to 3D
print the oven as it o�ered the best compromise between structural and thermal
properties. The point where polycarbonate becomes soft and deforms (glass
transition temperature) [163] is 161 C and the temperature at which it de�ects
under load (heat de�ection temperature) [164] is 138 C [161]. These properties
impose a maximum operating temperature of the oven of 100 C. The oven walls
are also made as thick as possible to reduce heat loss. Where the oven walls have
to be thinner, foam was added to compensate, keeping insulation as consistent

101



as possible [161]. 3D printing allows cell mounts to printed integral to the oven.
This means that, when aligning the cell with the beam of the laser, the oven
and cell act as a single unit. After initial alignment, further adjustments are
not needed when cells are swapped over, as they can only be positioned in one
orientation.

Figure 4.3: a) CAD drawing of the 3D-printed oven with TEC mounted to the
rear and cell mounted inside. b) Photo of cell mounted in the oven with lid and
insulation removed

The temperature regulation of the oven is controlled by an Oven Industries
5R7-001 Thermoelectric Controller connected to an air-to-air TEC, a Kryotherm
Thermoelectric 380-24-AA cooling assembly.

A vertical rotary blower placed in the oven's corner creates forced convection
between the TEC elements and the cell. Without this forced convection, the
change in temperature would be much slower. An exploded CAD drawing of
the oven and TEC sub-system can be seen in Figure 4.4.
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Figure 4.4: Labelled exploded diagram of the oven and TEC sub-system

The TEC is used to ensure the temperature of the cell can reach and main-
tain a speci�ed set point for optimal SEOP. The TEC relies on the Peltier e�ect
[165], where heating or cooling occurs between two conductors with di�erent
electronegativities and work functions at an electri�ed junction. When a direct
current passes through the device, one conductor increases in temperature while
the other decreases, and the inverse occurs when the direction of the current is
reversed. The TEC can therefore heat and cool the cell. The TEC has a heat
sink on either side, radiating heat either into the oven or out to middle polariser
section. Fans keep the heat sink of the outer element at room temperature,
making it possible for the element on the inside of the oven to go below room
temperature when cooling is required. The Oven Industries 5R7-001 thermo-
electric controller uses a PID feedback loop, monitoring the temperature with a
thermocouple attached to the surface of the cell and continually adjusting the
current sent to the TEC. The GUI displays the thermocouple reading and the
TEC heating/cooling power, giving real-time feedback. The user can control
the oven temperature via the GUI either manually or automatically during a
pre-programmed sequence.

4.4.3 Automation system

XeUS's automation uses the same Arduino micro-controller and GUI software
as used in the XeNA, although several improvements have been made. The laser
and Helmholtz coil power supplies, the TEC and pneumatic valves on the gas
handling manifold are all incorporated into the automation system. This makes
XeUS fully automated, with every system controllable via the GUI [24]. Having
total control of the system enables �single-button� operation. When instructed,
the software will move XeUS through the entire stopped-�ow SEOP procedure
and can produce a bag of HP 129Xe with no outside intervention. The XeUS's

103



fully automated design improves user experience and ease of use over the XeNA.
If manual control is needed, this can be accessed via the GUI, giving greater
utility to the system if non-standard operations are required. This manual mode
also allows new protocols and sequences to be tested before implementation.

Figure 4.5: Original XeUS GUI

4.4.4 XeUS performance

The XeUS was able to deliver an in-cell PXe of 95%, 73%, 60%, 41% and 31%
at Xe partial pressures of 275, 515, 1000, 1500 and 2000 Torr, respectively. The
full study was published by the consortium in 2014, veri�ed with low �eld 47.5
mT MRI after the HP 129Xe gas mix was released to a Tedlar bag [24].

4.5 N-XeUS

This section brie�y covers the modi�cations made to the original XeUS design
through to its next iteration, the �Nottingham Xenon Ultimate Spin-exchange�
(N-XeUS). These modi�cations were performed by J. Skinner and are fully de-
tailed in his thesis [151].

4.5.1 Gas handling manifold

The gas handling manifold design was altered to accommodate two gas cylinders
so that a pure N2 cylinder could be incorporated in addition to the Xe/N2 mix.
The pure N2 replaced the Xe/N2 mix when performing the purge/evacuation
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cycles of the manifold. These cycles are required to ensure that the lines are
clear of contaminants before cell �lling so that the Rb within the cell is not
poisoned.

Using pure N2 reduced the polariser's running costs, as N2 is far cheaper
than 129Xe. This is signi�cant in a clinical setting with high throughput. N2

is also easier to vacuum down than a Xe gas mix and more likely to carry any
contaminants with it. These purge cycles mean only a rotary pump is needed
to remove atmospheric O2 and other impurities from in the inlet manifold to
a level where their e�ect on the Rb is negligible. This negated the need for a
turbo pump backing the rotary pump, increasing the simplicity of the design.
The second cylinder also increased the utility of the N-XeUS as N2 can �ll the
rest of the cell after the desired 129Xe partial pressure has been reached. This
allows more gas mixes to be used in the polariser as the ratio of Xe to N2

can be altered. Although this is not essential for a clinical setting, it makes it
possible to test di�erent Xe/N2 ratios without having to swap out cylinders.
This is useful when investigating which gas mix o�ered the optimal 129Xe bulk
magnetisation.

4.5.2 B0 �eld system

The original XeUS used four magnetic coils to generate a B0 �eld required for
SEOP [166]. To achieve the best PXe, possible T1 relaxation should be kept
to a minimum [31]. In order to maximise SNR for NMR measurements, the
T2∗ must be minimised [31], which is achieved by maximising the homogeneity
of the magnetic �eld. The N-XeUS reduced the number of coils in this Barker
arrangement from four to three and gave the user more space to work in the
polariser. This makes replacing the delicate glass cells far easier. The three coils
were repositioned and adjusted to optimise the B0 �eld homogeneity [166].

4.6 N-XeUS2

This section provides a detailed description of the N-XeUS2, an updated version
of the N-XeUS. All the following work undertaken on the N-XeUS2 was carried
out within the scope of this thesis. For completeness, the section details all
sub-systems of the polariser:

� Chassis

� Gas management system

� B0 �eld

� Oven and TEC thermal management system

� Pump laser system

� NMR measuring system

� Automation system
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Each subsection explains the changes made from the N-XeUS design and the
reasoning behind them. Results produced from N-XeUS2 are also discussed
and compared with the Polarean 9810. The �nal stage of the N-XeUS2 work
presented is a long-term QA study investigating the cell the lifetime.

4.6.1 Chassis

The chassis is a simple box frame composed of three sections (see Figure 4.6).
The middle section contains the optical train, TEC, oven, Helmholtz coils, IR
spectrometer, gas cylinders and gas handling manifold. This section is enclosed
but can be accessed by two doors on the front of the polariser. Once the doors
are closed and locked, the chassis provides an optically enclosed environment.
This means that the N-XeUS2 can be operated as a class-1 device and does not
require the use of laser goggles, as long as the doors are closed. The doors are
both wired to an interlock system, meaning the power to the laser PSU is cut
when they are opened. Two banks of fans sit on top of the middle section and
provide ventilation. The fans remove the heat generated by the laser and the
TEC. This is vital as both the laser and cell's temperatures must be tightly
controlled as overheating can cause irreversible damage to the laser or runaway
in the cell. Additionally, the fans assist the TEC when it is cooling the cell for
gas extraction.

The lower section is unenclosed and contains the micro-controller, compres-
sor, water chiller, vacuum pumps and all the PSUs. This means the user can
turn the various sub-systems on and o� without having to access the optically
enclosed middle section. Cooling fans are mounted to the back of this lower
section to keep the devices cool while under operational load to prevent them
from overheating.

The frame itself is made of aluminium box sections supplied by Minitec.
Aluminium was chosen as it is non-magnetic so does not a�ect the homogeneity
of the B0 �eld. Both the walls and roof of the middle section are made of
Alumalite sheeting. Alumalite consists of a corrugated plastic core sandwiched
between two thin aluminium sheets. This rigid material is both durable and
light-tight when mounted into the aluminium frame.

The load-bearing �oor of the middle section is made of a single aluminium
sheet. The overall dimensions of the polariser are 175.26 cm high by 137.16 cm
long by 81.28 cm wide. Its size means it can �t through most building corridors
and doors. The polariser sits on a set of four heavy-duty brake caster wheels,
making it portable. The chassis was designed at Vanderbilt University using
the computer-aided design (CAD) program SolidWorks.
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Figure 4.6: Photos showing the N-XeUS2 with all the main components labelled

4.6.2 Gas management system

A complete diagram of the N-XeUS2's gas handling manifold and parts list
can be found in Appendix: Figure B3 and Table B4. Pictures of the di�er-
ent manifold sections can be found below in Figure 4.7 and a simple graphic
representation of the manifold layout is shown in Figure 4.9.
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Figure 4.7: a) Section of the VCR �ttings and CAG eliminator b) �Valve 12�
plastic pneumatic valve c) Section of the outlet side of the manifold showing the
PEEK connectors d) Rb �lter on the outlet side of the manifold

In the N-XeUS2, the gas management system is composed of gas cylinders,
getters, an optical cell, a Tedlar bag and a manifold connecting them all. The
manifold was upgraded due to the demand for longer cell lifetimes, which are
dictated by the Rb quality in the optical cell. Rb reacts with any impurities
entering the cell, such as O2, limiting the maximum polarisation that a cell can
achieve (see Section 3.4.2). Over time, Rb poisoning increases as it is exposed
to more impurities, and the maximum PXe decreases until the cell is no longer
viable for use. Each cell therefore has a �nite lifetime. It is advantageous
to maximise this lifetime to enable the polariser to produce the highest PXe
possible for the largest number of bag �lls. Cleaning a cell also comes with
incurred costs which, if the cell lifetimes are short, may be signi�cant in a
clinical setting where throughput is high.

The gas handling manifold is composed of two sides: the inlet and outlet.
The inlet side takes the gas from the cylinders to the cell, while the outlet side
delivers the HP gas from the cell to the Tedlar bag.

The N-XeUS used PTFE tubing between valves, which allowed atmospheric
impurities to leach into the manifold. Western analytical �Vacutight� plastic nut
and ferrule connectors were used to mate the tubing to valves. These connectors
were not rated to the vacuum levels required for the purge/evacuation cycles
and would also deform the PTFE tubing, which made leaks at the connections
more likely. The N-XeUS manifold also used plastic pneumatic valves from
International Polymer Solutions (IPS), some of which had a defect which caused
them to leak when actuated. A complete rebuild of the manifold was required
using new components as the N-XeUS cell's lifetime was only on the order of
10s of runs.
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The manifold was rebuilt with metal components where possible to prevent
di�usion of atmospheric gases and to reduce leaks. The valves used on the
inlet side of the N-XeUS2 manifold are 316L Stainless Steel High Purity Bel-
lows Sealed Valves from Swagelok. These valves use vacuum coupling radiation
(VCR) �ttings, which have a negligible leak rate of 4 × 10−9 std cm3/s [167].
Most of the connectors on the inlet side of the manifold also use VCR connec-
tors. The other connection types used on the inlet side of the manifold are
also rated to hold the vacuum and pressure levels required. The connections
are Klein Flange (KF) �ttings to connect the manifold to the Edwards rotary
vacuum pump and vacuum gauge and National Pipe Taper (NPT) connectors
to connect the gas cylinder regulators and the Omega pressure gauge to the rest
of the manifold.

A getter is situated on each gas line between the cylinders and the inlet
manifold; these remove any impurities from the gas before it enters the man-
ifold and cell. The getters on the N-XeUS2 were upgraded to NuPure CAG
Eliminators, which guarantee a purity of <0.5 ppb for H2O, O2, CO2, CO H2,
NMHC and CH2. Compared to the Entegris air puri�ers used in the N-XeUS,
the CAG Eliminator o�ers a two-fold increase in purity for H2, CO2 and CO
and an increase of eight orders of magnitude for H2O and O2, which are the
main gases that cause Rb poisoning.

The outlet side of the manifold is constructed from non-ferrous materials to
decrease HP 129Xe depolarisation as it is released to the bag. Polyetherether-
ketone (PEEK) was found to have properties that made it an ideal material for
the outlet manifold. PEEK tubing is employed as a steel replacement in many
HPLC systems [168] and is one of the few plastics that can be used in ultra-high
vacuum applications. Besides these advantages, it is easy to work with as it is
�exible, mechanically stable and easy to cut.

The N-XeUS2 outlet manifold is constructed from 1
8 -inch OD PEEK tubing.

Valves 6, 9/10, 11, 13 and the Rb �lter are connected using the PEEK tubing via
a �ve-port PEEK manifold assembly. A PEEK tee-piece connected the tubing
between valve 12, 14 and the bag. The manifold and tee-piece are connected to
the PEEK tubing via an Upchurch �angeless nut and ferrule. The PEEK tubing
was connects to the VCR valves via male VCR to 1

8 -inch Swagelok adapters,
which are made of steel. Only a small part of the gas will �see� the steel adapters
as they are not in the path the gas takes from the cell to the bag so polarisation
losses will be minimal.

An Entegris GT Plus in-line gas �lter is used to prevent any uncondensed
Rb vapour reaching the bag and, by extension, the patient. The �lter sits on
the path the gas takes from the cell to the bag. The Entegris is attached to the
tubing via two 1

8 -inch Swagelok brass nuts/ ferrule pairs. The brass components
do not come into direct contact with the gas, and since brass is non-ferrous, it
does not contribute to 129Xe depolarisation.

In order to prevent any back�ow of gas from the bag to the cell, a one-way
PEEK BIO-CHEM 973 263-3001 valve is also connected to the tubing via the
Upchurch nuts and ferrules. One pneumatic valve sits on the extraction pathway
from the cell to the bag and is listed as �Valve 12� on the manifold diagram.
It was not possible to use a steel VCR Swagelok pneumatic valve, so a plastic
IPS valve was used instead. The speci�c valve was tested for leaks and selected
as it did not have the leak behaviour exhibited in other IPS valves. Valve 12
is also connected to the PEEK tubing via Upchurch nuts and ferrules. Finally,
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the bag was connected to the manifold by a glass chem thread adapter. After
the new manifold was constructed, the TIC rotary pump was able to achieve a
vacuum on the order of 10−3 Torr on the inlet side and 10−2 Torr on the outlet
side. These are both lower than the minimum vacuum achieved by the Polarean
9810, which has long cell lifetimes and produces HP 129Xe with long T1 times in
a Tedlar bag. When evacuating the inlet and outlet sides of the manifold, three
N2 purge/evacuation cycles are completed on each side independently; the inlet
side before cell �lling and the outlet side before the gas is released to the bag.

4.6.3 B0 �eld

The Barker arrangement used to create the B0 �eld have not changed from the
three-coil design implemented by J. Skinner. Coils 1, 2 and 3 have the following
respective properties: number of turns: 179, 95, 179, inductance (mH): 35, 18,
35, resistance (Ohms): 1.6, 1, 1.7. The coils were positioned by J. Skinner to
achieve a homogenous B0 �eld and were not changed for the N-XeUS2.

The PSU was changed from a Sorensen XG 80-10.5 to a Kenwood PDS60-
12 regulated DC, as the Kenwood has ripple noise 2.5 times lower than the
Sorensen [169, 170], ripple noise being the broadband noise of the power supply.
[171]. The Kenwood also o�ers greater current stability, meaning the current
supplied to B0 coils �uctuated less about its set point. This ensures the B0 �eld
strength remained consistent, critical in obtaining a useable water signal given
the long times used for data collection.

4.6.4 Oven and TEC thermal management system

The oven design was not changed from that of the original XeUS polariser
discussed above, however an issue was found with the current system. When
TEC is in operation, it generates a large amount of noise at approx 40.4 kHz
that can be picked up by the NMR coil as the current delivered to TEC rapidly
�uctuates when it is close to its temperature setpoint (see Figure 4.8 a) ). This
is because the Oven Industries 5R7-001 [172] is based on pulse width modulation
(PWM) in conjunction with the PID feedback loop. When the TEC is at 100%
power, its current is constant, and the noise disappears, as shown in Figures 4.8
c) and d) compared to the spectra obtained with the TEC o� (Figure 4.8 b)).

In order to remove the noise peaks from the NMR spectra, the TEC was
turned o� during NMR acquisitions. However, the cell's temperature was not
managed during this time. Due to the high laser power, the internal gas temper-
ature could increase signi�cantly while NMR is being acquired, so Rb runaway
could be initiated while the TEC is turned o�. As a result, the maximum oven
temperature was limited to enable NMR acquisitions, which are essential for
QA, to be taken without triggering Rb runaway. In order to remove the noise
without turning o� the TEC, the Arduino code controlling NMR acquisition
was modi�ed. Just before the NMR pulse was triggered, the TEC was set to
10 C below its set point, and the code waited for six seconds. The pause allows
time for the TEC to respond to the setpoint change and have 100% of its power
dedicated to cooling, allowing for a constant current and no background noise
peaks. The spectrometer is then triggered, and, after NMR acquisition, the
TEC set point would revert to its original value. As the NMR acquisition time
is so short, the TEC does not have enough time to signi�cantly reduce the oven
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temperature before the setpoint is reverted. This solution was not discovered
until after the work at Wayne State University was completed, where the old
NMR protocol was used.

Figure 4.8: Graphs to the show the noise that can be detected on the NMR
coil when the TEC is a) operating at less than 100%. (Graph y axis scale: 103

µV/kHz) b) O� (Graph y axis scale: µV/kHz), c) 100% heating (Graph scale
y axis: uV/kHz) d) 100% cooling (Graph scaley axis: uV/kHz)

4.6.5 Automation system

Like the XeUS, the N-XeUS2's automation system is built around an Arduino
Mega 2560 micro-controller. The system is controlled by a GUI based on the
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software �Processing�. In the N-XeUS2 upgrade, the Arduino and GUI code
were both modi�ed.

The Arduino Mega 2560 is a more advanced version of the Arduino Uno
microcontroller and has a larger memory for code (sketch memory) and more
random-access memory (RAM). This allows the user to write more input and
output (I/O) lines into their code [173], which is essential when automating the
N-XeUS2, where the Arduino communicates with many sub-systems and con-
veys information to and from the GUI. Crucially, the Mega has more hardware
and software ports than the Uno, allowing it to communicate with more devices
at once.

During testing, the Mega would often lose communication with the GUI,
and the polariser would become unresponsive. The GUI would respond to user
input, but no commands would be received by the Arduino and no sensor data
would be received by the GUI. The only way to regain communication was to
restart the Arduino and GUI. Upon restart, the polariser reverted to its initial
settings. This would not be acceptable in a clinical environment as software
crashes would halt production of 129Xe, wasting scanner time and the costs
associated with a clinical run. Furthermore, losing control of the gas handling
manifold and laser could be potentially hazardous if it occurred at the wrong
moment. This could result in the laser overheating and becoming damaged or
the manifold over-pressuring the cell, which could potentially cause an explosion.
Error diagnosis was not easy as, when the Arduino froze, it would not give any
error messages. Eventually, the source of the communication loss was found to
be a serial communication library.

The Arduino has four hardware ports connected to:

� PC/GUI communication

� TIC controller

� TEC controller

� Omega pressure gauge

These communicate with Arduino via hardware serial communication (HSC).
The rest of the sub-systems have to use the Arduino's software ports via software
serial communication (SSC). These are:

� Laser power supply

� Magnet power supply

� LCD screen

� Debug messages

HSC is built into the Arduino hardware and devices using HSC are connected to
the Arduino via physical pins speci�cally dedicated to HSC. HSC is the quickest
and most reliable method of communication the Arduino uses. Devices using
HSC can also communicate in tandem with other tasks and can transmit and
receive data at the same time. Lastly, HSC is built into the Arduino inte-
grated development environment (IDE), so no extra software libraries need to
be installed. For this reason, devices that needed to communicate fast-changing
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information communicated with the micro-controller via HSC in the N-XeUS2
[174].

On the N-XeUS2 there are more sub-systems than hardware pins, meaning
some devices need to be connected via virtual ports. These also connect phys-
ically via pins in the same way as those using HSC, but have to communicate
using SSC. A software library called �Software Serial� was installed to facilitate
SSC. This library makes it possible to use the digital pins on the Arduino for
serial communication, increasing its capacity. The drawback is that only one of
the digital pins can perform SSC at a time. The loss of communication between
the GUI and Arduino was linked to the poor long-term stability of Software
Serial.

There were two solutions:

� Use a di�erent software serial communication library

� Eliminate software serial communication

The GUI and Arduino codes are complex and were originally written by A. Cof-
fey, who was no longer available to o�er consultation. Software serial libraries
vary, so replacing the library would have required the GUI and Arduino code
to be rewritten. This would have been time-consuming, and the possibility of
introducing new errors was high. The decision was therefore made to eliminate
the SSC from the code, as the sub-systems using the SSC do not strictly re-
quire automation. The LCD screen displays no information that is not easier to
observe through the GUI or the instruments' own display screens. The magnet
power supply will only ever be at two current values, one for 129Xe NMR and
one for water signal acquisition. These will never have to be switched between
dynamically. Code debugging can be done through the hardware ports con-
nected to the PC. Lastly, the laser system does not require adjustment once it
has been brought up to power and temperature. The laser was also deemed to
be safer under manual control; should Arduino lose control of the PSU, the laser
could be damaged before the user notices and can regain control of the system.

Once all software communication was removed from the code, its stability
was tested. The Arduino was able to communicate with the GUI for over 48
hours without issue. The code was then modi�ed to remove inputs from the
old serial software sub-systems so that the code would not stop and wait for
variables that no longer existed. The removal of these features in the automation
process did not a�ect the production time of the polariser or increase operational
complexity.

An extra feature added to the automation system was the ability to create
custom gas mixes via the GUI. The polariser will be in a clinical setting for most
of its operational life, so will use a one pre-selected gas mix. However, if the user
requires a di�erent gas mix, the usual procedure on the N-XeUS would be to
change the gas cylinder. This requires multiple 129Xe/N2 gas cylinders, meaning
the costs associated with running the polariser will increase. In addition, there
will be downtime while the cylinder is changed. This complexity makes changing
cylinders less appealing, reducing the �exibility of the device and its ability to
test di�erent Xe/N2 ratios.

It was possible to �ll the cell with custom Xe/N2 gas mixes using the N2 and
pre-mixed cylinders and by actuating the manifold valves manually. A small lag
between the Arduino receiving the pressure value from the Omega gauge and it
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being displayed on the GUI made it almost impossible to �ll the cell accurately.
This accuracy was further reduced when human reaction time was factored in,
leading to poor consistency between identical custom gas �lls. A new function
was therefore written into the Arduino and GUI code which allowed the cell to
be �lled with custom gas mixes automatically. Utilising an 80% Xe 20% N2 gas
cylinder, the user can select the percentage of 129Xe they want in their �nal gas
mix. The polariser will then automatically �ll the cell with the pre-mixed Xe/N2

until the correct Xe partial pressure has been reached; the remainder is then
�lled with pure N2. To prevent selecting a percentage that could overpressure
the cell if a value of over 80% is selected, the GUI displays an error message
asking for a lower value. Any Xe percentage can be selected from 1% to 80%,
o�ering greater �exibility than swapping between pre-mixed cylinders.

For added safety, an �Abort� button was programmed into the GUI which,
when pressed, halts the polariser's operation and return it to its idle state.
The abort button means the user can stop any automation sequence while in
progress, bypassing the safety checks that prevent two sequences running at
once. Once the polariser is returned to its idle state, the user can then trou-
bleshoot the behaviour that prompted them to hit the �Abort� button. The
manifold displayed in the GUI was also altered to match the new getter loca-
tion (see Figure 4.9). Lastly, a button was created for to start the QA testing
automation sequence which is explained in Section 4.8.

Figure 4.9: N-XeUS2 manifold diagram, displayed in the GUI

The full wiring diagram for the N-XeUS2 automation can be seen in Ap-
pendix A Figure B1, and the key for the diagram is shown in Figure B2.

4.6.6 Laser system

The N-XeUS used a 150 W laser at (Ultra 500, QPC, Sylmar California, USA)
laser manufactured by QPC. When the N-XeUS2 redesign process started, the
laser was replaced because it had been run at a temperature above recommended
settings, which led to a drop in its output power. The laser was replaced with a
QPC micro-channel cooled (MCC) 170 W laser which utilised the same optical
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train as the Ultra 500. The optical train was enclosed within the laser and tele-
scope. This makes the alignment of the optical train easier and more resistant
to knocks as parts cannot move independently of one another. The polariser
can then be moved to di�erent locations without having to go through a lengthy
realignment process each time.

In order to manage the temperature of the MCC laser, chilled water is �own
through the micro-channels cut into the cooling plate of the laser. Micro-
channels are small tubes with diameters of ≈ 100µm. The surface area of
the interface between the cooling plate and the coolant in an MCC system is
much larger than in a conventional laser cooling system, where the water passes
through a single large pipe. This design makes cooling more e�cient, so more
power can be produced by each diode, as they can be driven at a higher current
without overheating [175]. The higher laser power produced by the MCC laser
should give improved SEOP and higher PXe.

The MMC design does, however, come with drawbacks. The coolant passing
through the micro-channels needs to be within speci�c conductivity and cleanli-
ness parameters. Deionised (DI) water was selected as it has low electrical con-
ductivity, which reduces the chance of a short circuit within the micro-channels.
However, if the conductivity is too low, the DI water will electrochemically react
with the copper micro-channels, corroding them and thus reducing their cool-
ing e�ciency and e�ectiveness. The size of the micro-channels also makes them
vulnerable to blockages from any particulates in the coolant. Blocked channels
reduce the localised cooling ability around them, leading to localised failure of
the diodes as they overheat [176]. The MCC laser is also very sensitive to hu-
midity, so dry compressed air must �ow over the diodes during operation to
prevent condensation. Humidity is monitored by a passive sensor on the top of
the laser.

The DI coolant meant that the previous K-O Concepts 600 W water chiller
had to be replaced with a Termotek P312. The P312 has several features that
make it suitable for use with the high-power MCC laser. Firstly, it has a cooling
capacity that ranges from 200 W to 3 kW, so more than capable of dissipating
the heat load from the MCC laser. The user can tune the conductivity of the
coolant via a sensor and DI cartridge �lter, which cleans up the DI water to
an appropriate level of conductivity. The chiller will also send out an alarm if
the coolant is not meeting the temperature, conductivity or �ow-rate set by the
user. If the alarm were not present, the laser could be exposed to damaging
conditions for a prolonged period before the user noticed.

Before connecting the P312 to the MCC laser, the DI water was run through
the chiller and connecting pipes in a closed loop. This was performed in order
to clean up the water in the lines to the correct conductivity and �lter out
particulates before connecting it to the laser.
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Figure 4.10: Graph showing MCC laser bar unlocking during bench testing

In a benchtop test, the MCC laser produced 168 W out of the telescope.
With the chiller set to 27 C, the laser temperature was 28.4 C at a �ow rate of
5.3 L/min. The FWHM of the laser output was measured with an Ocean Optics
HR4000 high resolution spectrometer (0.025 nm resolution (FWHM) [177]) and
was found to be 0.2 nm.

The MCC laser was run for seven hours at these settings with no change
in output power or laser temperature. However, two hours and thirty minutes
into this test, one of the laser bars unlocked, creating a secondary o�-resonance
peak. This failure reduced the power of the main peak resonant with the Rb D1

line (See Figure 4.10). This behaviour was observed in the other MCC lasers
requisitioned for the consortium's XeUS based polarisers, and this test was the
�rst time the failure was observed in real-time.

The MCC laser was sent back to QPC and replaced with an Ultra 500 using
the same optical train technology. This Ultra 500 produced 167 W of power
with an FWHM of 0.263 nm (see Figure 4.11). The P312's DI cartridge was
bypassed to allow distilled water to be used as the coolant, so as not to damage
the conventional water-cooling plate present in the Ultra 500. The chiller was
also able to maintain the laser temperature, which varied by less than 0.1 C on
the time scale of hours.
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Figure 4.11: Ultra500 bench test spectra

The new Ultra 500 was installed in the N-XeUS2 and aligned with the cell
using its internal aiming beam. A �bre optic sensor coupled to the HR4000
was then positioned after the oven, behind the retro-re�ector rear window. The
spectrometer is connected to the controlling PC via USB, with spectra recorded
and displayed in Oceanview software [178].

Figure 4.12: Ultra 500 mounted in the N-XeUS2
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Figure 4.13: Position of �bre optic connected to the HR4000

4.6.7 NMR system

The system used to acquire NMR measurements is similar to that employed
in the Raman experiments. It consists of a Magritek Kea2 NMR spectrometer
controlled by Prospa and a single NMR search coil. NMR acquisition can either
be controlled directly by Prospa or triggered through the GUI. Once the 129Xe
NMR signals have been analysed, the polarisation is calculated using the same
method described in Section 3.3.2. A water reference signal for this calculation
is also acquired using a cell with similar geometry �lled with water that is doped
with copper sulphate.

The NMR coil used on the N-XeUS was a simple surface coil with the same
speci�cations as those used to take NMR measurements in Chapter 3. The coil
could record an NMR signal from the HP 129Xe during SEOP with a reasonable
SNR. It was not, however, able to record a water signal with a high enough SNR
to perform accurate polarisation calculations

The reason it is so hard to get a usable water signal on the N-XeUS2 is
because of the homogeneity of the B0 �eld and the ultra-low polarisation at this
�eld strength. The homogeneity was maximised when the Barker arrangement
were constructed and tuned by J. Skinner. However, there are ferrous materials
near or inside the Helmholtz coils, which disturb the B0 �eld's homogeneity.
The oven sits on two large legs that are adjustable so that the oven can be
aligned with the laser. These legs have ferrous components that disturb the
homogeneity of the magnetic �elds. The inlet manifold is also ferrous, and some
components are situated very close to the Helmholtz coils. All e�orts were made
to minimise the ferrous material inside B0 �eld, but, due to limited space, the
�eld homogeneity may still be disrupted by these components.

In order to improve SNR, a new coil was constructed by J. Birchall based on
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a design by A. Co�ey. The �butter�y coil� consists of two surface coils connected
in series. The speci�cations of the coil can be seen below. The noise detected by
the coils is reduced as the coils are wound in opposite directions to each other.
This counter winding reduces the detected NMR signal but the noise-cancelling
more than o�sets this loss in signal resulting in an increased SNR compared to
a conventional surface coil.

A diagram of the coil can be seen in Figure 4.14. The coil and mount
speci�cations are as follows:

� AWG30 (0.255 mm diameter) wire

� 90 turns per coil

� Coil diameter of 7.5 mm

� 27000pF tuning capacitor

� 45 mm x 23 mm block, rising to a height of 14.5 mm at either edge
and sloping downwards towards the centre at a 20o angle, meeting at the
centre of the long edge to a height of 6.5 mm, equating to an angle of 140o

between the coils.

Figure 4.14: Diagram of the butter�y coil used to take NMR data in the N-
XeUS2

The butter�y coil was estimated to be tuned to ≈ 40 kHz, and this was tested
using a signal generator. The set-up involved positioning the butter�y coil a
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set distance away from a single loop (SL) coil which is connected to a TTi 40
MHz Arbitrary Waveform Generator (AWG). A single send/receive pulse was
sent out by the butter�y coil at the same frequency as the one produced by
the signal generator. The butter�y coil then received the signal from the SL
coil. This process was repeated at di�erent frequencies throughout the region of
interest. Both coarse and �ne frequency sweeps were performed to investigate
where the butter�y coil is most responsive, as shown in Figure 4.15.

Figure 4.15: Butter�y Coil tuning a) Coarse b) Fine

The investigation found that the butter�y coil was tuned to 41.7 kHz. The
coil was, unfortunately, able to detect a transient noise peak that was likely from
the MRI scanner in the next room, which was close to 41.7 kHz. 40.8 kHz was
therefore selected as the frequency of choice during testing as it would allow
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the coil to work near its maximum sensitivity while having the NMR signal
discernible from the noise peak.

Figure 4.16: Example spectra from the tuning process, noise peak highlighted
in red

Using the butter�y coil, the NMR peak appears out of the noise �oor after
10,000 scans, producing a much higher SNR than the previous surface coil. A
pulse amplitude sweep was performed from -50 to 0 dB, with a pulse length of
300µs. -17 dB gave the highest SNR and, as a result, was selected as the pulse
amplitude used to generate the water reference signal. The sweep is shown in
Figure 4.17, and the water reference is shown in Figure 4.18. Although the NMR
peak could be seen after 10,000 scans the reference water signal was taken over
106 scans to produce the maximum SNR possible.
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Figure 4.17: Pulse amplitude sweep with a pulse length of 300 µs and pulse
acquisition delay of 3 ms

Figure 4.18: Water single reference signal acquired on the N-XeUS2
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4.7 N-XeUS2 performance

4.7.1 Introduction

The Ultra 500 failed shortly after its installation and was sent back to QPC.
They reported that the failure was due to �ashover of the laser bar insulator
pads as a result of poor earthing. This failure was also seen on other replacement
Ultra 500s in the consortium and was suspected to be part of a faulty batch
of lasers. J. Birchall had newly constructed an identical polariser (W-XeUS2)
using the N-XeUS2 as a blueprint at Wayne State University in Detroit. The
W-XeUS had a fully operational Ultra 500 laser, so a lab visit was arranged
to Wayne State to investigate the performance and reliability of the XeUS2
platform.

The following experiments investigated the performance of the W-XeUS2 at
di�erent cell temperatures using several di�erent gas mixes. The aim was to
�nd the optimal oven temperature for each gas mix and determine the highest
bulk magnetisation the polariser could produce. Results were then compared to
the 9810.

4.7.2 Polariser performance for di�erent binary gas mixes

Methods

For each gas mix, a cell �map� was produced. The map shows the maximum
PXe, the polarisation build-up rate (γSEOP ) and Rb polarisation (PRb) for each
oven temperature.

The TEC/NMR protocol described in Section 4.6.5 was not implemented
during these experiments; instead, the old protocol, where the TEC is turned
o� during NMR acquisitions, was used. NMR was therefore taken every six
minutes during SEOP, as it allowed the TEC to maintain the oven temperature
while still providing good temporal resolution for the PXe build-up curve which
was created in the same was as the optimal PXe build up curves in Section and
an example build up curve can be seen in Figure 4.19.

123



Figure 4.19: Example PXe build up curve, for a cell �lled with 1350 Torr Xe
1350 Torr N2 at 65 C on the W-XeUS2

PRb was calculated by taking �ve IR spectra from the laser at full power with
the cell at room temperature. Then, at the end of each run, �ve IR spectra were
taken with the magnet on and o�. Every �ve-spectra set was averaged, and these
average spectra were then used to calculate the PRb. This calculation used the
Beer-Lambert law [179] and IR bleaching [25]. When the Rb electrons are spin
polarised during optical pumping, they are no longer available to absorb further
photons until their spin has been transferred to the 129Xe during spin-exchange.
As a result, there is a lower proportion of the Rb absorbing the photons from the
pump laser, and a higher number of photons may be transmitted through the
entire cell. The absorption (A) is calculated by comparing the peak integral of
the laser light intensity transmitted through the optical cell at room temperature
(Icold) to its intensity when the cell is heated for SEOP (Ihot). This de�ned in
the Equation (4.1).

A = −ln Ihot
Icold

(4.1)

Absorption with the magnet o� (A0) is greater because no Rb electrons are spin
polarised, so all the Rb is available to absorb the incoming photons. Using these
A and A0 values, PRb can be calculated, as shown in Equation (4.2).

PRb =
A

A0
− 1 (4.2)
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After the last IR spectra were collected for each day, a T1 relaxation measure-
ment was performed to ensure that the cell had not been poisoned when loading
new gas mixes. The laser power was reduced to zero, the cell was cooled to room
temperature and the TEC was turned o�. NMR was taken every four minutes
for four hours, and the T1 relaxation of 129Xe was calculated from the resultant
exponential decay curve.

Results and discussion

These experiments were all conducted on the same cell loaded with 0.5 g of
Rb. The Rb was arti�cially spread with a heat gun, and dry ice was used to
accelerate plating on the cell walls.

The following gas mixes were investigated: 1350 Torr Xe/1350 Torr N2,
2025 Torr Xe/675 Torr N2, 1000 Torr Xe/1000 Torr N2,1500 Torr Xe/500 Torr
N2 and 500 Torr Xe/1500 Torr N2. These mixes had a total pressure of 2700
Torr or 2000 Torr. 2000 Torr was used as it is the standard working pressure
of the XeUS2 platform and allowed for comparison with previous work on the
XeNA and XeUS. 2700 Torr gas mixes gave an insight into the extent to which
the 129Xe percentage polarisation is suppressed by an increase in Xe partial
pressure. The increased pressure would also to compensate for the dead volume
in the outlet side of the manifold to ensure no under�lls would occur when gas
was decanted to a 1L bag.

For all gas mixes, at optimal conditions, the higher the Xe partial pressure,
the lower the �nal PXe. The PXe in the 2000 Torr cell was 59.1± 1.5%, 76.3±
2.0% and 97.9±1.9% for 1500, 1000 and 500 Torr of Xe respectively (see Figure
4.20 a), b) and c)). The W-XeUS2 was able to outperform the XeUS polariser,
which achieved 41± 1%, 60± 2% and 73± 4% at Xe partial pressures of 1500,
1000 and 515 Torr.

The PXes attained in the 2700 Torr gas mixes were 56.0± 1.5% and 51.8±
1.5% at Xe partial pressures of 1350 and 2025 Torr, respectively (see Figure
4.21). The PXe was slightly suppressed compared to the polarisation in the
2000 Torr cell, as the higher pressure within the cell caused more collisions to
occur, increasing the spin destruction rate.
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Figure 4.20: Cell maps displaying PXe, PRb and γSEOP di�erent oven temper-
atures �lled with the following gas mixes a) 1500 Torr Xe 500 Torr N2 b) 1000
Torr Xe 1000 Torr N2 c) 500 Torr Xe 1500 Torr N2
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Gas Mix
Pressure
(Torr)

PXe
Volume
(L)

129Xe
Fraction

DE (L)
Production
time (hr)

DE rate
(L/hr)

Error

1500 Xe 500 N2 2000 27.0% 0.8 0.20 0.043 0.90 0.048 0.0011
1000 Xe 1000 N2 2000 37.7% 0.8 0.13 0.040 0.87 0.046 0.0011
500 Xe 1500 N2 2000 57.2% 0.8 0.07 0.030 0.98 0.031 0.0007
1350 Xe 1350 N2 2700 32.1% 1 0.13 0.042 0.93 0.045 0.0011
2025 Xe 675 N2 2700 24.9% 1 0.20 0.049 0.90 0.055 0.0013
9810 N/A 14.2% 1 0.26 0.037 0.75 0.050 0.0039

Table 4.1: Dose equivalence comparison between the Polarean 9810 and the
N-XeUS2 using di�erent gas mixes

Figure 4.21: Cell maps displaying PXe, PRb and γSEOP di�erent oven tempera-
tures �lled with the following gas mixes a) 1350 Torr Xe 1350 Torr N2 b) 2025
Torr Xe 675 Torr N2

The direct comparison between the maximum PXe produced by the W-
XeUS2 and the Polarean 9810 is not a fair one. This is because Polarean 9810
takes ≈ 30 minutes to make a 1 L bag and has a sub-45-minute turnaround
time. The Polarean 9810 is currently using a gas mix comprising 3% naturally
abundant Xe, 10% N2 and the balance 4He. Utilising this gas mix, the 9810
can produce a PXe of 14.2± 1.1 in a 1 L under the timescales described above.
Comparing maximum polarisations produced by the polarisers does not re�ect
the PXe the N-XeUS2 platform can deliver in a clinical timescale. Therefore, the
N-XeUS2 and Polarean 9180 are compared using their dose equivalence (DE)
production rate [180]. The DE production rate is the production rate per unit
time of 100% hyperpolarised, 100% enriched pure 129Xe gas per unit time. DE
is the product of the isotopic fraction of (f129), (PXe) and Xe volume (VXe), as
shown in Equation (4.3).

DE = f129 × PXe × VXe (4.3)

The PXe produced by the N-XeUS2 is calculated from the maximum polar-
isation reached in 30 minutes for each gas mix under optimal conditions, less
the polarisation lost during cooldown. This polarisation loss is based on a T1
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decay time of 187 ± 1 minutes. The total production time for the N-XeUS2
polariser is the sum of a 30-minute production time, time to cool the cell to
42 C for extraction and six minutes to re�ll the cell and bring the cell up to
temperature. The cooldown time is calculated based on previous results which
state that the TEC can cool the cell from 72 C to 42 C in 24 minutes [181]. The
DE rate for each gas mix compared to the Polarean 9810 is shown in Table 4.1.
The �gure shows that the N-XeUS2 is able to produce a greater DE for all gas
mixes except the 500 Xe 1500 N2 gas mix. However, the increased production
time of the N-XeUS2 means that there is no signi�cant di�erence in the DE
rate. The DE and the DE rate increase with Xe fraction size. This is due to
the higher bulk magnetisation produced when using richer mixes and the fact
that they must be run at cooler temperatures to prevent runaway, resulting in
a shorter cooldown time and thus a shorter total production time.

This shows that the N-XeUS2 is able to compete with the Polarean 9810 in
a clinical setting while providing a much more user-friendly experience. In order
for the N-XeUS2 to outperform the DE rate provided by the Polarean 9810, the
total production time will need to be reduced.

4.8 Long term quality assurance

4.8.1 Introduction

The N-XeUS2 will replace the Polarean 9180 in the QMC, which acts as a bench-
mark not just for polarisation but also for cell lifetime. Over time, impurities
enter the Polarean 9180 cell and poison the Rb, and this has a limited impact
on performance until a critical point is reached. At this critical point, a change
in laser absorption is observed in the IR spectrum, along with a signi�cant drop
in PXe. When this happens, the cell needs to be changed. Typically, 1000s of
litres of gas can be run through the Polarean cell before it reaches this critical
point, equating to ≈ 1.5 years of normal use.

The XeUS2 platform uses purge/evacuate cycles to remove any contaminants
before the cell is �lled. An investigation was undertaken to determine if the new
manifold resulted in increased cell lifetimes that could compare with the 9810.

This QA study could not be performed using �real world� conditions, i.e.
heating the cell, performing SEOP and cooling the cell over the number of
re�lls needed to replicate 1-2 years of typical use. Firstly, it would translate into
1000s of man hours running the polariser, which was not practical. Secondly,
the cost associated with running a Xe mix through the cell hundreds of times
would be considerable. Finally, the pump laser has a lifetime on the order of
104 hours, so a signi�cant amount of the laser's lifetime would be expended for
QA. A protocol was therefore devised to simulate 1-2 years of use by repeatedly
�lling the cell with pure N2. A bespoke automation sequence was coded for the
micro-controller and GUI, enabling a lower cost, more time-e�cient QA to be
undertaken.

The study does not replicate the heating and cooling that the Rb would be
subject to during typical use. The lack of heating may cause a slower degra-
dation of Rb in the QA study compared to real-world conditions. However, as
a QA study replicating real-world conditions was not practical, this simulation
was deemed to be an acceptable alternative. This study performed in collabo-
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ration with J. Birchall and was published in the Journal of magnetic resonance
(JMR) [182].

4.8.2 Methods

The QA code was created for this thesis, however, due to limited time at Wayne
State University, a portion of the QA data was recorded in partnership with
J. Birchall. A simpli�ed version of the QA protocol is described in the steps
below:

1. Purge and evacuate the inlet manifold with N2

2. Repeat step one three times

3. Leave manifold under positive N2 pressure

4. Open the cell

5. Evacuate out the current gas mix

6. Fill cell with N2

7. Wait 1 minute

8. Go back to step 4 for the required number of repeats

9. Final �ll with Xe gas mix

10. Polarise gas mix

A �ow chart describing the whole automated QA re�ll sequence is shown below
in Figure 4.22.
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Figure 4.22: QA cell re�ll sequence as coded for the Arduino; diagram produced
by J. Birchall reproduced here with permission

The time taken for each N2 cell re�ll is on the order of minutes, compared
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to a full polarisation run that can take several hours. This enabled the study
to be completed over the course of a few weeks.

The cell was loaded with a 1000 Torr Xe/ 900 Torr N2/ 100 Torr 4He gas
mix. The QA study used a new cell with a fresh Rb load. Following this, a cell
map was created using the same protocol detailed in Section 4.7.2. The optimal
oven temperature for the cell was found to be 70 C (Figure 4.23). Increasing the
oven temperature above 70 C resulted in a decrease in PXe, and TEC could not
maintain the oven temperature above 71.5 C as the cell entered Rb runaway.

After each batch of N2 re�lls, the cell would be �lled with the same gas
mix as the initial �ll. The PXe build-up curve, was created, followed by a T1

measurement to track the degradation of the Rb and SEOP performance. After
the initial Xe gas mix �ll, the following number of N2 re�lls were performed
between polarisation runs: 15, 51, 111, 256 and 256. Taking account of the 6
Xe gas mix �lls, the cell was �lled a total of 694 times.

Figure 4.23: Initial map of the QA cell [182]

4.8.3 Results

The initial cell �ll achieved a PXe of 73.6 ± 4.6%, and no signi�cant change in
PXe was observed after 180 cell �lls. The PXe on the 180th �ll (4th polarisation
run) produced a PXe of 72.3±2.3%. The 5th Xe gas mix �ll was taken after the
number of N2 �lls had more than doubled, and it was the 437th �ll in total. This
run saw a signi�cant drop in PXe to 60.0 ± 1.8%. This showed that, between
the 180th and 437th �ll, the Rb purity had decreased to the point where the
SEOP performance was negatively a�ected. The PXe continued to decrease as
the number of �lls increased and, after another 256 N2 �lls, the 6th Xe gas mix
�ll could only achieve a PXe of 42.4± 1.1%.

The polarisation build-up timescale Tb were also investigated during the
experiment, and, initially, there was a small but not signi�cant increase in its
value. Between the 1st and 2nd Xe (17th total) gas mix �lls, the Tb increased
from 43 ± 7 minutes to 57 ± 8 minutes. The high T1 values of both runs, in
combination with the PXe, indicated that the increase in Tb was not from Rb
degradation. The 3rd and 4th 129Xe �lls seemed to support this, with the Tb
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value remaining consistent at 56 ± 9 minutes and 59 ± 5 minutes, respectively.
By the 5th 129Xe gas mix �ll, the Tb had begun to decrease, achieving a value
of 48± 4 minutes. PXe had also reduced, which was attributed to an increased
spin-destruction rate. The Tb value continued to drop, reducing signi�cantly to
18 ± 2 minutes in the �nal polarisation run and dropping below the initial Tb,
where the spin-destruction was assumed to be the lowest as the Rb had not been
poisoned. This showed that the increase in spin destruction was a result of Rb
poisoning. Although in isolation having a smaller Tb may seem advantageous,
as it decreases the total production time. However, the ultimate PXe being
reached is reducing, which is why it takes less time to reach.

T1 relaxation increased with an increasing number of cell re�lls. It went from
an initial value of 102±5 minutes in the 1st Xe gas mix �ll to 78.1±1.5% in the
4th Xe gas mix �ll. This was attributed to an increasing number of impurities
accumulating in the cell throughout the 180 cell �lls. The T1 did however rise
again on the 5th Xe gas mix �ll to 99.2± 3.5%. This T1 measurement appears
to contradict the PXe and Tb observed during this �ll which follow the expected
trend of reduced SEOP performance. Although this rise could be explained by
Rb metal regeneration due to repeated heating and cooling cycles, explained
in Section 3.4.2, this may have resulted in a temporary improvement in T1.
The increased γSEOP (0.011± 0.002 minutes−1 was over double the previously
measured value and seemed to corroborate this theory. The 6th SEOP �ll saw
a continuation of the initially observed trend with a signi�cant drop in T1 to
25 ± 4 minutes. Combined with the drop in PXe and Tb, this shows how the
SEOP performance has been reduced by increasing spin-destruction from Rb
poisoning.

The build-up curves and T1 relaxation curves for all 6 Xe gas mix �lls can
be found in Figure 4.24. A map was also created which showed how the PXe,
Tb, PRb and T1 changed with increasing number of cell re�lls (see Figure 4.25).
A full cell map was taken after the 694th to see how its performance at di�erent
temperatures had changed (see Figure 4.26).
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Figure 4.24: Polarisation build-up and T1 curves for Fill 1 ( a) and b) ), Fill 17
( c) and d) ), Fill 69 ( e) and f) ), Fill 180 ( g) and h) ), Fill 437 ( i) and j) )
and Fill 694 ( k) and l) )[182]
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Figure 4.25: Map showing the progression of �nal 129Xe polarisation (PXe),
rubidium polarisation (PRb), build-up time (Tb) and T1 relaxation time (T1)
with number of cell re�lls.

Figure 4.26: Map of the QA cell after 694 re�lls [182]

The optimal cell temperature (70 C) and maximum operating temperature
(71.5 C) remained unchanged, showing that all PXe gas mix �lls were run under
optimal conditions and were thus comparable.

An additional smaller-scale QA study was carried out at the University of
Nottingham before the failure of the QPC Ultra 500 in the N-XeUS2. It used a
gas mix of 1000 Torr Xe / 1000 Torr N2. As this study was a quick investigation,
no N2 �lls took place between Xe gas mixes �lls, and SEOP only occurred for
30 minutes. SEOP occurred at an oven temperature of 60 C, and the PXe did
not reach a steady state.

The results of the investigation can be seen in Figure 4.27. They show
that the NMR peak integral attained after 30 minutes exhibited a degree of
variation between successive cell re�lls. This was attributed to the polarisation
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not reaching steady-state conditions, so was in a greater state of �ux compared
to when it was at a steady state. A linear �t and its 95% con�dence bounds
applied to the data showed a small downward trend, which predicted that the
integral peak would reduce to half of its initial 65.3 a.u value after 109-452 cell
re�lls. The reason for the large estimated range is the fact the downward linear
trend, although present is not statistically signi�cant, with a R2 value of 0.11
[183]. The reduction in performance from the Rb poisoning was concluded to
be minimal. Furthermore, the shortest useable cell lifetime predicted would still
be on the order of 102 runs.

Figure 4.27: Graph showing the peak integral of the 129Xe NMR peak against
the number of SEOP runs [182]

The prediction was less than the ≈ 700 re�lls predicted in the W-XeUS2 QA
study. There are several factors that could account for this discrepancy. Firstly,
the increased temperature cycling experienced by the Rb in the N-XeUS2 po-
lariser could have provided a harsher environment and therefore greater poi-
soning. There was also a slightly di�erent cell �lling and spreading protocol
between the two polarisers, as well as a di�erent amount of Rb loaded into the
cells ( ≈ 0.25g in the University of Nottingham and ≈ 0.5g at Wayne State).
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4.8.4 Discussion

Current ethics (detailed in Section C) dictate that the maximum number of
Xe doses a patient can be given during a visit is four. Under these ethics, the
N-XeUS2 is predicted to have no signi�cant drop in polarisation after ≈ 45
subjects. A further 45 subjects would only lead to a drop in performance of
≈ 15%, which would still provide su�cient polarisation for MRI imaging.

Clinical studies using 129Xe MRI typically have a small cohort of between
5-30 subjects (healthy volunteers and patients) [184, 185, 186], equating to a
maximum of ≈ 120 bags of HP 129Xe. The N-XeUS could provide bags of a
consistent polarisation throughout the lifetime of one or more clinical studies,
depending on their size. If the user wanted to keep the polarisation levels at
their maximum for each study or if the polarisation had signi�cantly dropped,
the cell can be easily replaced. Replacing a cell takes around �ve minutes,
providing a replacement cell is prepared in advance, which would not cause any
hold up to a clinical program. The cell can then be cleaned, tested for integrity,
surfaciled and re�lled with Rb for future use, cells can be reused in this way
unlimited times provided they incur no damage. Cells are custom made by
professional glassblowers and cost on the order of ¿100. Currently, there are
�ve cells in stock at the University of Nottingham. With the Polarean 9180,
on the other hand, swapping out takes two people and a much longer amount
of time, and can put stress on several delicate components. If the cell is not
prepared in advance, it would require a three-day turnaround time to prepare
a new cell which if the program was running at full capacity of 10 patients a
week could signi�cantly impact a clinical program as subjects would have to be
rescheduled. However, this would have the same impact should a cell need to be
prepared for the 9810. These QA tests show that the N-XeUS2 has predicted
cell lifetimes capable of delivering the throughput needed for a clinical study
without a signi�cant drop in performance.

4.9 New oven design

4.9.1 Motivation

The major shortcoming of the current N-XeUS2 design is its inability to main-
tain oven temperatures at the set point close to runaway conditions. This is
because of how heat is transmitted between the cell and the TEC.

The TEC is an air-to-air Kryotherm Thermoelectric cooling assembly 380-
24-AA based on a Peltier cooler. In order to remove heat from the cell, energy
is transferred via convection through oven air to the TEC heat sink. The Peltier
device then pumps the heat from the internal heatsink to the external heatsink,
where the energy is radiated into air space in the polariser's upper chassis. Fans
on the upper chassis then ventilate the hot air out of the polariser. The main
limiting factor of heat transfer is the low thermal conductivity of air [187]. The
air in the oven is the principal contributor to the thermal capacity of the system
and slows the temperature change at the cell [188].

When not illuminated by the laser, the cell takes between 20-60 minutes
(with and without insulation) to reach 70 C [151]. If the rotary blower is turned
o�, convection is reduced, and the TEC cannot heat the cell above 50 C [151].
With the laser illuminating the cell and being absorbed by Rb vapour, the cell
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can be brought up to temperature within a few minutes. The same issue is
experienced during cool down as described in Section 4.8.3 and results in a
slower total production time leading to a smaller DE rate.

Figure 4.28: Diagram of the TEC/oven

At a certain Rb vapour density, the energy absorbed from the laser will be
greater than the maximum amount of heat energy the TEC can remove from
the system. When this occurs, thermal control is lost, and the cell rises above
its setpoint and quickly enters runaway. In all experiments, the highest oven
temperature for each W-XeUS2 experiment was limited by the TEC's ability to
maintain the oven temperature.

The third generation of the stopped-�ow clinical polarisers (GEN-3) made
by XeUS Technologies sought to improve thermal management of the cell with
a new oven design [189]. The oven design is based around an aluminium jacket,
which is in direct thermal contact with the cell. Heating is provided by four,
50 W cartridge heaters and the heat is then dissipated via three CPU heatsinks
mounted directly to the jacket. Aluminium o�ers greater thermal conductivity
than air [190], so heat energy can be transferred to and away from the cell much
more e�ciently. This design can heat a similar-sized cell from room temperature
to 70 C in four minutes and can cool the cell to extraction temperatures in the
same amount of time. In a paper by J. Birchall et al., the jacket could maintain
an oven temperature of 85 C while performing SEOP on a 1000 Torr Xe / 1000
TorrN2 gas mix using an identical QPC Ultra 500 laser [189]. This is 20 C higher
than that achieved with a similar gas mix on the W-XeUS2. Therefore, a higher
Rb vapour density can be achieved without the cell entering runaway, increasing
the SEOP rate and shortening Tb. However, a signi�cant PXe drop was seen in
the GEN-3 compared to the N-XeUS2 which is still being investigated [189].
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4.9.2 Design and fabrication

The new aluminium jacket design is based on the one found in the GEN-3
polariser. A labelled CAD drawing of the N-XeUS2 jacket is shown in Figure
4.29.

Figure 4.29: Labelled CAD drawing of the N-XeUS2 jacket

Two cartridge heaters are mounted on either side of the cell, with one of each
pair mounted on the top and bottom halves of the jacket. Because of the high
conductivity of the aluminium, the heat is distributed uniformly throughout
the jacket [189]. To allow heat from the jacket to be uniformly transferred to
the cell, a layer of Arctic Alumina thermal paste was used between the two to
ensure good thermal contact.

In the Gen-3, the 50 W heaters were driven at 230 V, and this would mean
that the N-XeUS's temperature controller, which had a maximum voltage of
36 V, was not compatible. To enable compatibility, four 12 V, 50 W cartridge
heaters, designed for use in 3D printer nozzles, were acquired. The four heaters
were divided into two pairs, which were connected in parallel. The two pairs
were then connected in series. The 5R7-001 can control purely resistive heating
up to loads of 900 W, which would allow the heaters to be driven by the 5R7-100.
This meant temperature control of the aluminium jacket could be automated
with the existing software with only minimal modi�cations to the Arduino and
GUI code.

Cooling comes from the fans in the upper chassis of the N-XeUS2, passing
cool air over three Supermicro SMH SNK-P0046P CPU heat sinks. The heat
sinks provide a large surface area for air cooling to take place.

A two-inch retro-re�ecting mirror is mounted in a holder at the rear of the
jacket. in the Gen-3 a single NMR surface coil is mounted inside a die-cast
aluminium box on the underside of the jacket to shield the coil from outside
noise, improving SNR. The jacket has a cut out for the NMR coil that allows
close contact between the coil and cell.

138



Several modi�cations had to be made to the design before the N-XeUS2
jacket could be fabricated. The GEN-3 cell has a slightly thinner maximum
diameter compared to the N-XeUS2, and a had di�erent stem design, as shown
in Figure 4.30.

Figure 4.30: Picture of the GEN-3 cell sitting inside the aluminium jacket on
the GEN-3 polariser

The diameter of the aluminium jacket was increased, and the stem location
was taken into account so that the cell could �t. The jacket was fabricated in
the SPMIC workshop and is shown in Figure 4.31 and 4.32.
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Figure 4.31: N-XeUS2 aluminium jacket

Figure 4.32: N-XeUS2 aluminium jacket with a cell inside

4.9.3 Installation and testing

The jacket has not yet been installed and tested as the COVID-19 pandemic
caused work to cease [191]. The next steps are to: replace the current oven/TEC
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with the aluminium jacket design, test 5R7-001 and the jacket in resistive heat-
ing mode while being controlled directly with the Oven Industries software.
The 5R7-001 then will be re-integrated into the automation system, and the
required changes to the Arduino and GUI code will be made. The system will
then be tested to ensure it can heat and cool the cell to the desired setpoint
when controlled via the GUI. Once the system is working correctly, an inves-
tigation will be undertaken to see if it can be used to improve the N-XeUS2's
SEOP performance and duty cycle speed.

4.10 Future work

4.10.1 Introduction

Performance and QA testing of the N-XeUS2 and W-XeUS2 have shown that
the XeUS2 platform is suitable for use in a clinical setting. This testing has
brought to light an additional improvement that can be made to N-XeUS2,
which will increase its performance and reliability, namely the design of the
pump laser used. This section covers the plans for the new laser design and also
what is required to allow N-XeUS2 to produce HP 129Xe contrast agent in a
clinical setting.

4.10.2 New laser design

The QPC Ultra 500 laser was returned to the University of Nottingham unre-
paired due to the associated costs. The poor reliability of the QPC Ultra 500
is common with not just the laser in the University of Nottingham but also
with lasers at Southern Illinois University Carbondale (SUIC) and Wayne State
University. Therefore, the creation of a new laser platform was proposed that
would not only be more economical but modular and user-serviceable.

The proposed laser design will combine the power of several 50 W laser bars
with a low antire�ection (AR) coating provided by Coherent, achieving a nar-
row spectral width using volume Bragg gratings (VBGs) from Spectra-Physics
[192]. VBGs are holographic media that have a grating present throughout their
volume. VBGs are transmissive gratings, so they are non-dispersive and act like
a �lter that is highly spatially and spectrally selective. This is because only the
illumination incident on the VBGs that satisfy the Bragg condition is �ltered
e�ciently according to the relation in Equation (4.4).

λ = 2n∆cos(θ) (4.4)

The variables given in Equation (4.4) are:

� λ : wavelength of the incident light

� n: bulk refractive index of the medium the grating occupies

� ∆ : grating spacing

� θ : angle of incidence
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When the Bragg condition is satis�ed, the e�ciency of the �ltering is maximised.
Work by A. Petersen et al. has shown that it is possible for a single laser

bar, with its output controlled by a VBG, to produce 54 W of power with the
majority concentrated over just a 0.1 nm range [193]. These gratings can also
be temperature tuned, o�ering 0.4 nm of adjustability. However, with a thermal
tuning coe�cient of ≈0.01 nm/C, they require a wide range of temperatures to
exploit the full range of adjustability. The laser in question was tuned to the Rb
D2, showing that VBGs can be used at wavelengths relevant to 129Xe SEOP.
VBG work at Rb wavelengths has also been performed by A. Gourevitch et al.
in 2008 [194] and P. Nikolaou et al. [155] in 2009.

If this proposed laser design can replace the Ultra 500, the highest cost
component of the N-XeUS2 will have a much lower risk associated with it, as
it will have lower estimated upfront and repair costs. Additionally, it will be a
laser that can be fabricated and serviced by the user, furthering the open-source
nature of this polariser.

4.10.3 Clinical work

Under the MHRA, it does not matter which device is producing HP 129Xe, so
a new device does not need to be inspected. However, a new protocol will need
to be designed for the N-XeUS2. Before the N-XeUS2 can replace the Polarean
9810, a process called �change control� must be implemented [195].

Change control is a formal procedure for changing a process in a controlled
way; the process in question is HP 129Xe production for in-vivo MRI imag-
ing. Any changes in protocol between the two polarisers have to be identi�ed,
planned and then introduced. During change control, a request must be submit-
ted to the relevant parties detailing the change. This request is then evaluated
for safety to public health and impact on other processes. Any issues that came
to light in the review should be resolved before approval is granted. Once the
changes have been approved, they will be implemented, with any unforeseen is-
sues resulting in further risk assessment of the change. When the N-XeUS2 has
been running in the QMC for an appropriate amount of time, its e�ectiveness
is reviewed.

The N-XeUS2 is a safer piece of equipment compared to the 9810 and is
much easier to use. Therefore, no issues with change control are predicted.
Strict adherence to the change control process will be observed, following which
the N-XeUS2 can �nally be used to support the clinical program.
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Chapter 5

Hyperpolarised 129Xe
production for in-vivo clinical
imaging using a
continuous-�ow polariser

5.1 Polarean 9810

The Polarean 9810 (9180) is a continuous-�ow 129Xe polariser. Unlike the N-
XeUS2, which is stopped-�ow [24], the gas mix is constantly �owing through
the cell during SEOP. The polariser comprises of several subsystems that work
together to produce a bag of HP 129Xe. The 9810 in the QMC has been recently
upgraded with a 3777 upgrade kit [196], which was designed to improve the
polarisation level produced. As discussed in Chapter 4, the 9810 will eventually
be replaced by the N-XeUS2, however the 9810 currently supports all clinical
129Xe MRI work undertaken in the QMC. This section is an overview of the
9810 hardware and the 3777 upgrade.

5.1.1 Gas management system

The gas management system of the 9810 has two main sections: a wall-mounted
steel manifold custom made by NuPure (Figure 5.1), and an outlet manifold
composed primarily of aluminium components (Figure 5.2) and including a glass
cold �nger within the Polarean 9810 polariser. The sections of the outlet man-
ifold are isolated from one other by manual valves. These have to be manually
actuated in a speci�c order to allow gas to reach its desired location at the
correct time, for example during evacuation and purge cycles.

The 9810 requires three di�erent gas cylinders to operate. The �rst is a
lean Xe gas mix, which contains between 1% and 3% naturally abundant Xe,
10% N2 and 4He making up the remainder. After leaving the gas cylinder and
regulator, the Xe gas mix passes through a NuPure Model 600 CAG getter
[197] to purge it of any impurities before it �ows through the optical cell, where
the 129Xe is hyperpolarised using SEOP. Once it has left the optical cell, the
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(a) Custom NuPure inlet gas manifold

(b) Custom NuPure inlet gas manifold diagram

Figure 5.1: Custom NuPure manifold

gas mix �ows through the liquid N2 cold �nger where the Xe frozen out and
collected, separating it from the other components of the mix. This frozen Xe
is released into the bag when it is thawed. The �ow rate of the gas mix through
the system is indicated by a �ow rate meter and controlled via a needle valve
that vents to the atmosphere. Controlling the �ow rate is essential as it dictates
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how long the gas mix is resident inside the optical as well as how quickly the
desired volume of Xe can be collected.

(a) Outlet manifold from cold �nger to bag, outlet and general isolate

(b) Outlet manifold from general isolate to purge outlet and vacuum

Figure 5.2: 9810 Outlet manifold

The second gas cylinder contains ultra-high purity (UHP) N2, which is used
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for �ushing any atmospheric impurities from the manifold before the Xe gas mix
is allowed to �ow through to the cell, which protects the Rb within the cell from
poisoning. As the structure of getters on the inlet manifold could be damaged
by evacuation, this �ushing of the inlet manifold is achieved by �owing the
UHP N2 through the entire manifold for 30 minutes. Following this, the inlet
manifold and cell are isolated from the outlet manifold and left under constant
positive pressure until SEOP begins. This prevents the ingress of impurities as
any leaks are outward to the atmosphere.

Impurities in the outlet manifold are �ushed before every new bag using
three purge/evacuation cycles of N2, as performed on the N-XeUS2. N2 enters
the outlet manifold via the purge outlet valve. If the outlet manifold is not
purged and evacuated, there is a small chance that impurities could back-�ow
into the cell and poison the Rb. After these cycles are completed, the Xe gas mix
is allowed to �ow through the cold �nger from the cell out to the atmosphere.
Three purge/evacuation cycles are also performed on the Tedlar bag to ensure
its structural integrity and to remove any atmospheric O2 which may depolarise
the HP 129Xe.

5.1.2 SEOP cell and oven

The most distinctive feature of the optical cell used in the Polarean 9810 (Figure
5.3) is the pre-saturator, a small bulb on the inlet path of the cell. The Rb is
loaded into the cell, so that it resides in the pre-saturator. The bulb is heated to
a higher temperature than the primary cell chamber, where SEOP takes place.
The Rb vapour di�uses from the pre-saturator into the main cell chamber. The
higher temperature in the pre-saturator allows for a higher Rb vapour density
while keeping the main chamber's temperature relatively low. The ratio between
the SEOP rate and the spin destruction rate is therefore increased. This allows
PXe to build up more quickly [22], which is critical for a continuous-�ow polariser
where the residence time of the 129Xe in the cell is short ≈30 s. Furthermore,
situating the bulk of the Rb outside of the main cell chamber means it cannot
contribute to the feedback loop characteristic of Rb runaway, preventing the
latter from occurring even with high Rb vapour densities.
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Figure 5.3: 9810 optical cell, pre-saturator (silicon heating tape wrapping the
pre-saturator not pictured)

The inlet and outlet pipes are shaped to improve gas �ow into and out of the
cell. Xe gas mix is allowed to �ow more freely from the cell to the cold �nger[196].
Therefore, the time the HP gas spends between the Helmholtz coils and storage
magnet is reduced. The HP 129Xe therefore spends less time in earth's �eld
where the T1 relaxation is faster [198]. The gas also spends less time in the
complex �eld region between the Helmholtz coils and the high-strength storage
magnet around the cold �nger which, this region contains zero-�eld regions and
regions where the magnetic �eld rapidly changes directions, both of which are
cause an increase the HP 129Xe relaxation rate [199]. The increased speed
through these regions reduces polarisation losses from relaxation and increases
the �nal in-bag PXe level.

A forced-air oven heats the cell by �owing compressed air from an external
compressor over a heating element into an insulated oven. The temperature is
monitored via a PT100 temperature sensor and is controlled by a Fuji PXR4
PID temperature controller [200] using a tuned feedback loop with the PT100
to ensure the cell reaches its temperature set-point with minimal overshoot.

The pre-saturator is wrapped in a silica heating tape, which can heat the
pre-saturator to temperatures above that of the oven. Another PXR4 is used
to control the pre-saturator temperature, and this sits just below the oven con-
troller on the front panel of the polariser (see Figure 5.4).
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Figure 5.4: 9180 front panel

5.1.3 Hyperpolarised 129Xe cryo-collection and storage

The polariser uses a lean gas mix, which, in its current form, would not have
su�cient bulk magnetisation to produce the signals required for clinical MRI
imaging. The HP 129Xe therefore needs to be separated from the carrier gases
within the mix, and a su�cient volume of it needs to be collected to �ll a Tedlar
bag for subject administration. This is achieved using cryo-collection. Xe has
a much higher freezing point ( -111.7 C) compared to 4He (-272.05 C) and N2

(-209.86 C) [201]. This di�erence is exploited when the gas mix �ows through
the cold �nger that is submerged in liquid nitrogen. The temperature within
the cold �nger is such that the Xe freezes to the walls while the rest of the mix
remains in a gaseous state and �ows out to atmosphere.

As part of the 3777 upgrade, the cold �nger's straight shape, similar to that
of a test tube, was replaced by the new �puzzler� design. Now with more turns
to it, the �nger's surface-area-to-volume ratio is increased, meaning the Xe is
frozen and thawed out more e�ciently [196]. The 129Xe therefore spends less
time near the phase transition point where the T1 is on the order of seconds
[202], reducing polarisation losses. The cold �nger features a second gas path
that allows room-temperature N2 to �ow over the cold-�nger outlet. The outlet
is the narrowest point of the cold �nger's body and is therefore at most risk of
being blocked by frozen 129Xe. The room temperature N2 therefore keeps this
section above the Xe freezing point. If a blockage were to occur, a dangerous
amount of pressure would build behind it, which could damage the glassware
and even cause an explosion. Although there is an integral blow-o� valve in the
cold �nger, the glass could be compromised before the pressure is high enough
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to trigger its opening.
During cryo-collection, polarisation losses are mitigated due to the magnet

storage �eld [153]. The magnetic storage �eld is created around the cold �nger
by a set of permanent neodymium magnets producing a �eld strength of 2000
G (see Figure 5.5). This strong magnetic �eld increases the T1 relaxation time
of the HP 129Xe [199]. The fact that the Xe is frozen also reduces polarisation
losses as solid form HP 129Xe relaxation times are on the order of hours [202].

Figure 5.5: Cold �nger sitting within the permanent magnetic �eld

149



To submerge the cold �nger in liquid N2, a Chemglass dewar is raised into
position so the cold �nger is sitting inside it. When the Xe gas mix and room
temperature N2 are �owing through the two paths of the cold �nger at the
correct �ow rate, liquid N2 is poured through a funnel and into the dewar via
a �exible hose. The liquid N2 is poured into the dewar until the body of the
cold �nger is completely submerged to maximise the cold surface area for cryo-
collection.

5.1.4 B0 Field

The B0 �eld in which the SEOP cell sits is created by two Helmholtz coils
connected to a TDK-Lambda PSU. A 3 A current through the coils provides a
�eld strength of 20 G.

Figure 5.6: Helmholtz coils providing the B0 �eld with the cell sitting inside a
light-tight enclosure

5.1.5 Laser system

The 9810 polariser uses a QPC Ultra 200 laser based on the same laser tech-
nology as the Ultra 500 laser used on the N-XeUS2 in Chapter 4. As stated
in Section 4.6.6 of this chapter, the laser uses the same beam-expanding tele-
scope as the Ultra 500. The laser is powered by a compact Xantrex XTR power
supply, and its temperature is managed via water-cooling with a Melcor M600
chiller.
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The entire optical train is fully enclosed, as seen in Figure 5.7. The polariser
is designed to be a class-1 device, meaning it can be operated safely without
laser goggles.

Figure 5.7: Fully enclosed optical train with laser, beam-expanding telescope
and beam tube

There are two sensors situated at the rear end of the optical cell to monitor
laser output and absorption within the SEOP cell. The �rst is a �bre-optic
sensor connected to an Ocean Optics HR2000 IR spectrometer, and the second
is a photodiode, as shown in Figure 5.8. The HR2000 functions in the same way
as it does in the N-XeUS2. The spectrometer's output can be monitored using
SpectraSuite. This allows the user to see the laser's output spectrum and then
�ne-tune the laser's power and temperature to bring its output onto resonance
with the Rb D1 line. During SEOP it can also be used to observe the laser
light absorption by the Rb in the cell. The photodiode measures the fraction of
the laser light able to pass through the cell. A percentage transmission value
is calculated by dividing the power incident on the photodiode when the cell
is hot during SEOP by the power when the cell is at room temperature (zero
absorption assumed). During clinical runs, the value is recorded for QA purposes
but can also be used in tandem with the IR spectrometer to observe how Rb
vapour density inside the cell changes with di�erent polariser settings.
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Figure 5.8: Fibre-optic cable coming out to the spectrometer (blue) and cable
exiting the photodiode (black)

5.1.6 Polarean 2881 polarisation measurement station

Because the Polarean 9810 does not have its own dedicated NMR system, PXe
has to be measured on a separate measuring station after the Xe has been de-
canted into the Tedlar bag. The Polarean 2881 polarisation measurement station
(2881) is pre-calibrated using an STS source from Polarean, and this is itself
calibrated against a water signal as described in Chapter 3 Section 3.3.2. The
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pre-calibration allows accurate measurement of the PXe. The polarisation cal-
culation is performed using the software Polarimetry 4.3 on a laptop connected
to the measurement station [203].

Figure 5.9: NMR surface coil on the 2881 measurement station

To generate a B0 �eld for polarisation measurement, the 2881 has two 24-
inch Helmholtz coils powered by an ultra-low noise, high stability Kenwood
PDS120-6 DC power supply to improve SNR and hence accuracy of the recorded
polarisation. This generates a magnetic �eld for HP 129Xe nuclei to precess
about to enable NMR measurements to be taken. The NMR measurements are
performed using a surface coil. This operates at 25 kHz and is connected to an
NMR circuit powered by its own PSU [203].
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Figure 5.10: 2881 measurement station

It is essential to have an accurate measurement of the HP 129Xe in a clinical
setting. HP 129Xe is classed as an investigational drug by the Medicines and
Healthcare products Regulatory Agency (MHRA). Its manufacture and deliv-
ery are therefore subject to international Good Manufacturing Practice (GMP)
standards enforced by the MHRA for an investigational drug.

Despite its safety, there is a lower polarisation limit for ethics approval by
the National Research Ethics Service (NRES). Below this limit (3%), the image
quality would be compromised to such a level that it would be of minimal diag-
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nostic use. Accurate measurement on a correctly calibrated measuring device is
essential for QA as well as ensuring that any bags delivered to a human subject
are above the 3% limit.

5.1.7 Optimal operating conditions

Continuous-�ow SEOP with a 3% Xe gas mix

In all previous clinical work in the QMC, the 9810 was run with a 2% Xe, 10%
N2 and 88% 4He gas mix. To reduce collection times with minimal polarisation
losses, the gas mix was switched to a 3% Xe, 10% N2 and 87% 4He gas mix.
This richer mix was installed before the upright and 1.5 T studies detailed in
Chapters 7 and 8 were performed. This marked the �rst time a 3% mix had
been used on the 9810 after its upgrade. Work on the original Polarean 9800
using 1%, 2%, 3% and 5% gas mixes suggest that a 3% mix would still provide
a useable polarisation following the upgrade. Moving to a richer Xe gas mix
would cause higher spin-destruction rate, negatively impacting on the �nal PXe.
However, a richer mix allows for a shorter cryo-collection times, compensating
for the increased spin destruction with reduced depolarisation time while the
Xe is being stored in solid form.

The e�ect of the �nal PXe using a 3% mix was investigated by measuring
the in-bag polarisation from a 0.6 L bag at di�erent �ow rates. As with the
2% gas mix, the temperatures of the oven and pre-saturator were 130 C and
210 C, respectively, allowing a fair comparison to be made between the two gas
mixes. As expected, the slower the �ow rate, the higher the polarisation, with
0.67 SLM giving the highest �nal polarisation of 22.3% ± 0.3%, and 1.33 SLM
producing the lowest polarisation of 16.7%± 0.1% (see Figure 5.11). Fitting an
exponential trend line to this graph gives a polarisation of 16.65% for a �ow
rate of 1.25 SLM. Using the same �ow rate and bag volume, a PXe of ≈ 18%
was achieved with the 2% mix. Although there was a drop in PXe between the
2% and 3% mix for the same �ow rate ( 1.5%), this was within the run-to-run
variability of the polariser. This meant the reduced cryo-collection time had
prevented a signi�cant drop in PXe when using the richer 3% mix.
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Figure 5.11: Graph to show how PXe is a�ected by �ow rate through the Po-
larean 9810 optical cell

For the 3% mix, a �ow rate of 1.25 SLM was selected as a 1 L sample can
be produced with an acceptable level of polarisation after 28 minutes of cryo-
collection. After the sample has been produced, it needs to undergo QA and
be delivered to the scanner. When combined with time needed to perform the
requisite purge/evacuation cycles on the outlet manifold, the minimum time
between bags is 35-40 minutes. The minimum time between HP 129Xe scans
dictated by the study's ethics is 30 minutes. In practice, the minimum time
is closer to 40 minutes, as the subject needs to be removed from the scanner
and have their vital signs monitored before they are returned. Therefore, the
turnaround time of the polariser is equal to or less than that of the subject
scanning time. This means that the production of HP 129Xe is no longer the
rate-limiting step during a clinical visit, which increases subject throughput and
reduces pressure on the polariser operator.

Before the upgrade, the 9810 could produce a 1 L bag in 40 minutes with a
PXe of 5-8%. In its current con�guration, the polariser can 1 L produce samples
with a the PXe of 14.2%± 1.1% without increasing the overall turnaround time
and is therefore well suited to supporting clinical work in the QMC.

A full description of the HP 129Xe drug production protocol is detailed in
Appendix section C.
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5.2 Conclusion

The switch from a 2% to a 3% Xe gas on the Polarean 9810 polariser resulted
in a reduction in production time by 12 minutes without a signi�cant loss in
polarisation. Using this gas mix, a 1.25 SLM �ow rate was able to produce 1L
of HP 129Xe in 28 minutes, lowering bag-to-bag production time to below that
of the scanner turnaround time.

This chapter discussed the SOP used to ensure HP 129Xe can be given to
a subject safely with the MHRA guidelines. For this process, a special IMP
licence is needed which allows the QP to sign o� on a batch release based on the
QC checks of the �rst bag. This enables rapid delivery of the bag to patient after
production, which in turn reduces polarisation losses and maximises the signal
available for imaging. Four people are required for the clinical production of
HP 129Xe, ensuring rigorous QC for subject safety and high traceability should
an adverse subject response occur.
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Chapter 6

Clinical HP 129Xe MRI and
NMR - lung, brain and
kidney disease states

6.1 Introduction

This chapter gives a brief overview of the key diseases being investigated with HP
gas in the lungs, brain and kidneys, providing further detail into the motivation
behind research in this �eld and highlighting relevant HP 129Xe imaging studies
relating to each disease state. The earliest HP gas MRI performed in the lungs
was undertaken using HP 3He before the �eld began to move towards using HP
129Xe. The reasons for the switch and details of comparison studies between
HP 129Xe and HP 3He MRI in the lungs are therefore discussed at the start of
the lung diseases section.

6.2 Lung diseases

Although the lungs are one of the most vital organs in the human body, they
are also one of the most vulnerable, at risk from airborne infection and damage
from particulates the atmosphere. According to a report from the World Health
Organisation (WHO), respiratory diseases cause the highest number of deaths
and cases of disability globally [1]. Four million people su�er a premature death
annually as the result of chronic respiratory diseases, and the number exposed
to toxic or polluted air is in the billions [1]. The WHO advises that preventing,
controlling and curing respiratory diseases should be the number one priority
when making decisions in the healthcare sector [1].

When inhaled, Xe takes the same pathway as oxygen, dissolving into the
blood from the lungs. This behaviour enables functional information about the
lungs to be obtained, complementing the structural information provided by an
HP noble gas. The high chemical shift of 129Xe also means it is sensitive to
its environment, making it possible to identify where the HP 129Xe is within
di�erent domains of the body, i.e. the airways of the lung, lung parenchyma
or blood, and how it transfers between them. It therefore makes sense that
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HP 129Xe MRI could be used as a key technique in understand mechanisms
underlying chronic respiratory diseases and hence contribute to the global e�ort
against respiratory diseases. The most common lung diseases that HP 129Xe
has been used to investigate are described in brief below.

6.2.1 HP 3He vs HP 129Xe MRI Imaging

Initially, HP 3He was used for HP gas MRI imaging in the lungs and the high
repeatability of such studies has been well-documented [204]. However, due
increasing costs of 3He described in Section 2.5.4, the focus has switched to
the more a�ordable 129Xe. There were concerns that the anaesthetic properties
of 129Xe would pose a safety risk and reduce tolerability in patients; however,
studies have shown that it is well-tolerated in healthy adults and those with
impaired lung function [205] [206]. A study by L. Walkup et al. was carried
out in 2016 to observe the tolerability of HP 129Xe when inhaled by paediatric
patients with CF. The study showed that no minor, serious or severe adverse
events were reported that related to the inhalation of 129Xe. [207]

129Xe also possesses a lower gyromagnetic ratio of a third of 3He and lower
enrichment, which makes MRI imaging more challenging. Comparison inves-
tigations have been undertaken using both 3He and 129Xe in patients with
COPD and cystic �brosis (CF) in 2012 and 2016, respectively. These investiga-
tions have shown that there is a signi�cant correlation between HP 129Xe and
HP 3He MRI when quantifying lung ventilation at 3 T [208] [209]. 129Xe and
3He both had correlations between the FEV1 and ventilation defect percentage
(VDP), showing that the sensitivity of both gases when measuring lung function
is comparable [208] [209]. Both studies found that, in patients CF and COPD,
HP 129Xe measured a higher VDP value than 3He. This may be due to its
lower di�usion coe�cient, which leads to high sensitivity to regional ventilation
[208] [209]. The CF comparison study performed also reported a correlation
between repeated HP 129Xe images taken in the same patient, which indicated
that HP 129Xe MRI images also have a high reproducibility [209]. A study in
2018 by N. Stewart et al. compared HP 3He and HP 129Xe MRI's ability to
evaluate the microstructure and ventilation of the lungs at 1.5 T in healthy vol-
unteers and patients with COPD. The reason for this change in �eld strength
is due to magnetic susceptibility di�erences between 1.5 T and 3 T a�ecting
the lung ventilation and di�usion-weighted microstructural MRI for both 129Xe
and 3He [210] [97]. The study concluded that, at 1.5 T, HP 129Xe is able to
provide almost the equivalent quantitative lung ventilation information and mi-
crostructural MRI to HP 3He [211]. This demonstrates that HP 129Xe MRI is
becoming a clinically viable replacement to HP 3He MRI when measuring the
ventilation and microstructure of the lungs.

6.2.2 Cystic �brosis

CF is a disease that can a�ect many parts of the body. However, due to the
majority of symptoms manifesting in the respiratory system, it is frequently
thought of as a lung disease [212]. CF occurs because the su�erer cannot prop-
erly regulate the movement of water and salt between the body's cells due to
a faulty gene. As a result, thick and sticky mucus can build up inside the
lungs and digestive system [212]. People with the condition have pulmonary
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symptoms that include a persistent cough, wheezing and a higher risk of lung
infection as the mucus creates an environment conducive to the growth of harm-
ful bacteria. CF also reduces lung function as the walls of the airways thicken,
become damaged and are obstructed by the mucus [212].

CF is a genetic disorder, requiring the individual to have inherited two defec-
tive CF genes, one from each parent [213]. CF prevalence varies globally, with
1 in 2000-3000 new-borns being diagnosed with CF in the European Union,
and the number standing at 1 in 3500 in the US [213]. CF also vastly reduces
life expectancy, with the median survival age of su�erers in the UK currently
estimated to be 46 years for males and 41 years for females [214].

Although CT is currently the benchmark for investigating lung structure in
CF patients, exposure to ionising radiation means its use is limited in long-term
studies and paediatrics. Extensive e�orts have gone into investigating HP gas
MRI's use as a tool for monitoring the progression of CF and the CF patient's
response to treatment.

Initial HP MRI studies were performed on patients with CF using HP 3He,
investigating regional defects in lung ventilation [215], [216]. HP 3He is also
able to observe long-term changes in the lung ventilation of CF patients [217].
The focus of HP gas MRI has shifted from 3He to 129Xe in recent years, and
investigations have shown that HP 129Xe can image ventilation defects in CF
patients, including children with mild symptoms [218]. Work has also been un-
dertaken that showed HP 129Xe MRI to be e�ective in monitoring CF patients'
response to treatment [219].

6.2.3 Chronic obstructive pulmonary disease

The de�ning marker of COPD is air�ow limitation in the lungs. The functional
consequences of COPD varies from patient to patient depending on the severity
of their air�ow obstruction, their environment and lifestyle. The severity of the
symptoms increases over time, linked to an in�ammatory response of the lung
tissue to toxic agents (e.g. from smoking) or particulates in the air. The dam-
age COPD does to the lungs cannot be reversed [220]. COPD puts an immense
burden on the healthcare system. Its prevalence and morbidity vary from coun-
try to country because of di�erent environmental factors. These factors include
air pollution levels, smoking rates and quality of healthcare. In the US, before
the COVID-19 pandemic COPD was the fourth-largest cause of death, with an
estimated cost of 14 billion dollars to the US economy [220]. As of the date of
this thesis, COPD has no cure, and its treatment is palliative.

Multiple studies have imaged patients with COPD using HP 129Xe MRI.
Work by Kaushik et al. showed that it was possible to use HP 129Xe to create
ADC maps that could distinguish between aged-matched subjects with COPD
and healthy volunteers [221]. They concluded that 129Xe ADC mapping could
detect early lung changes due to COPD, which would enable earlier interven-
tion and thus generate better patient outcomes. HP 129Xe could also be used to
non-invasively phenotype COPD su�erers and monitor their treatment [221]. In
2019, a study by Myc et al. showed that HP 129Xe functional pulmonary MRI
could in fact di�erentiate between COPD phenotypes such as chronic bronchi-
tis, emphysema and intermediate phenotypes [222]. There is growing evidence
indicating that HP 129Xe MRI can help clinicians identify and treat patients
with COPD. This utility is growing as new ways of exploiting 129Xe are found,
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and new polariser technology is producing HP 129Xe with higher bulk magneti-
sation.

6.2.4 Asthma

Asthma is a chronic lung condition, characterised by symptoms such as shortness
of breath, wheezing and a tight chest. These symptoms arise from in�ammation
of the lungs. The walls of the airways become thicker, restricting the air�ow.
In contrast to COPD, the degree of air�ow obstruction seen in asthma varies
over time and can usually be reversed. However, asthma can be fatal in extreme
cases when the airways can become blocked by excreted mucus and cells [223].
Asthma a�ects 300 million people around the globe. This will rise as urban
populations grow which may, in turn, increase exposure to high air pollution
levels [224]. A greater understanding is needed to know what causes asthma.
New methods of treatment are needed to reduce its pervasiveness.

In 2016, a study by M. He et al. used HP 129Xe MRI to quantify the
ventilation distribution within the lungs, using older and younger control groups
to compare against asthmatics of a similar age. They found it was possible to
see the heterogeneity of ventilation within the lungs. The MRI scans showed
how low ventilation regions of the lungs increased, and high ventilation regions
were signi�cantly reduced in asthmatics compared to the control group. HP
129Xe was to able image and quantify ventilation distribution in asthmatics and
even show impairment in lung function that cannot be detected by spirometry
[225]. This study also investigated the responses of two patients to albuterol,
a bronchodilator, a�ected lung ventilation. HP 129Xe MRI showed that, even
though the FEV1 from spirometry showed no change, the low ventilation regions
of the lungs unexpectedly increased in one of the patients [225]. HP 129Xe has
also been used to see the e�ect of treatments other than bronchodilators, such as
Bronchial thermoplasty. Bronchial thermoplasty is a heat treatment performed
on the inside walls of the airways to lower the amount of thickened small muscle
tissue. A recent study used HP 129Xe to guide the treatment of bronchial
thermoplasty, using HP 129Xe MRI images to treat the most a�ected areas and
comparing the e�ectiveness compared to unguided treatment. It found that a
single guided bronchial thermoplasty session achieved improvements similar to
three unguided visits [226]. As the treatment is speci�c to a�ected tissue when
guided, this increases the safety and reduces stress to the patient's lungs. HP
129Xe can therefore detect the progression of asthma, assess treatment strategies
and guide certain treatments to make them more e�ective.

6.2.5 Idiopathic pulmonary �brosis

The progression of IPF is not fully understood. Recent evidence points towards
in�ammation being caused by the anomalous activation of alveolar epithelial
cells. This activation leads to �brosis of the lungs as the activated cells cause
�broblast and myo�broblast foci to be created. They both excrete substances
that damage and scar the lung tissue. This reduces lung elasticity and its
ability to perform gas exchange. These e�ects have a massive negative impact
on a patient's quality of life. Although IPF is an age-related condition, the
connection between age and alveolar epithelial cell activation is not known [227].
The exact prevalence of IPF is also unclear and di�ers from country to country.
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[228]. The estimates for prevalence vary because of di�erences in methodological
practices and limited data. However, a study by Raghu et al. estimated that,
in the US, 89,900 patients were su�ering from IPF in 2000 [229].

HP 129Xe has been used to measure the di�usion limitation within the lungs
of subjects with IPF compared to healthy volunteers. Using NMR and the
chemical shift of 129Xe, it is possible to see how gas di�uses from the gas phase
to the pulmonary tissue and into the red blood cells (RBCs). They found that
the ratio between the HP 129Xe signal from red blood cells and pulmonary was
3.3 times lower for IPF subjects compared to healthy volunteers [230], showing
that di�usion was limited through pulmonary tissue to the RBCs. The signal
ratio of HP 129Xe in the gas phase to in the RBCs can also be compared [231].
The unique properties of HP 129Xe can assist in assessing lung function and
monitoring the response of potential therapies of those su�ering from IPF.

6.3 Brain diseases

According to a report from Public Health England, 366,728 people over the age
of 20 who died between 2001 and 2014 had neurological conditions mentioned
on their death certi�cate [232]. In this time, the number of deaths per annum
increased by 39% from 23,051 deaths to 31,925 [232]. At the end of this period,
this accounted for 7% of yearly deaths in England. This impact does not factor
in that some diseases are degenerative and can considerably reduce the quality
of life of the su�erer and increase the cost of healthcare cover.

129Xe takes the same pathway as oxygen, from the lungs into the blood and
into the brain. The chemical shift of HP 129Xe makes it possible to image the
brain vasculature and parenchyma [233], meaning HP 129XeMRI can be used to
image a wide range of neurological diseases. Conventional proton MRI currently
produces a greater signal than HP 129Xe within the brain. However, this does
not mean that HP 129Xe cannot be used to gain clinically useful information or
even as an alternative to blood oxygen level-dependent (BOLD) functional MRI
[234]. This alternative is becoming more and more common with new polariser
technology producing ever-higher PXe levels.

6.3.1 Stroke

A stroke is caused when a reduction in blood �ow in the brain causes the cells
in a localised area to die from a lack of oxygen. Cell death causes a drop in
brain function in the areas a�ected [235]. Symptoms are varied, ranging from
being unable to move certain limbs or sides of the body to not being able to
understand speech. The e�ects of the stroke can be transient or permanent [236].
A report from the American Heart Association in 2016 stated that, although
stroke mortality has decreased in recent years, it is still a major risk to public
health. It remains the �fth-largest cause of death in the US and a�ects 795,000
people a year nationwide [237].

In 2011, HP 129Xe was used to image a stroke in a rat's brain as a cerebral
blood-�ow tracer. This study proved that HP 129Xe could detect the ischemic
core area of a stroke [238], as shown in Figure 6.1. It also demonstrated that
HP 129Xe can be used alongside proton MRI to study reduced blood �ow in the
brain. An investigation imaging a human stroke victim's brain with HP 129Xe
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showed that signal from the damaged areas of the brain was 60% less than that
from una�ected areas [239]. This study proved the feasibility of using HP 129Xe
to image a stroke in-vivo, and that 129Xe can be administered to a subject with
cerebral pathology. Scan times are also reduced compared to proton imaging,
so the scanning itself is more tolerable to those with cerebral pathologies.

Figure 6.1: HP 129Xe chemical shift image (CSI) of a rat brain that has su�ered
a stroke, with the ischemic core highlighted with a black border [238]

6.3.2 Alzheimer's disease

Alzheimer's is a degenerative disease that a�ects neurons in the brain. The key
pathologies include the build-up of plaques on the exterior of the neurons. The
interior of the neuron, partly driven through the protein tau, becomes damaged.
These changes lead to neuron dysfunction, ultimately resulting in the death of
the neuron [240]. Symptoms can escalate from poor short- to long-term memory
in the early stages. Later-stage symptoms can comprise behaviour changes or
an inability to perform simple tasks such as walking or swallowing [240]. This
is a very distressing experience which extends to people beyond the su�erer
themselves. In the US, an estimated 5.4 million people are living with the
disease, with 700,000 people over the age of 65 dying from Alzheimer's in 2016
[240]. Due to an ageing population, this number is set to more than double by
the middle of the century, further increasing pressure on the healthcare system.

Biomarkers are objective indicators of a patient's medical state that can
be observed from outside the patient [241]. If biomarkers can be measured
accurately and reproducibly, they can be used as diagnostic tools. The use of
biomarkers with Alzheimer's is limited due to the fact that most of them overlap
with those seen in healthy individuals. A recent study found that HP 129Xemay
o�er some novel biomarkers without this overlap, namely the sixty-second 129Xe
retention time and the 129Xe washout parameter in the white and grey matter of
the brain [242]. They found that patients with Alzheimer's retained signi�cantly
more 129Xe compared to the healthy controls, and the 129Xe washout rate
was much slower [242]. Although further validation is needed in the form of
larger clinical trials, this shows the potential of HP 129Xe's use in diagnosing
Alzheimer's disease.
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6.4 Kidney disease

Chronic kidney disease is the gradual loss of kidney function, impeding its abil-
ity to �lter waste and excess �uids in the blood and causing them to build up
to dangerous levels in the body [243]. Symptoms of kidney disease range from
nausea to high blood pressure. The disease is progressive and, since the kid-
neys can compensate for the reduced function, symptoms may not appear until
after irreversible damage has been caused [243]. Since kidney disease can have
secondary e�ects on nearly every part of the human body, the complications of
it may be extensive. These can include anaemia, damage to the nervous sys-
tem and cardiovascular diseases. When irreversible damage occurs, known as
end-stage kidney disease, dialysis or transplant will be needed for the patient's
survival [243].

Kidney disease has many complex causes, including as a comorbidity of di-
abetes and hypertension. It was estimated that, in 2015, that kidney failure
caused 1.2 million people to lose their lives [244], a 32% increase on the num-
bers in 2005. When combined the number of kidney disease su�erers who died
without dialysis [245] and those who died from acute kidney injury [246] is
combined, the global annual death toll from kidney disease is estimated to be
between �ve and ten million people.

Kidney disease poses a substantial economic burden, with higher income
countries having to spend 2-3% of their yearly health-care budget on the treat-
ment of end-stage kidney disease [245]. In the case of the US, Medicare expen-
ditures to treat chronic and end-stage kidney diseases were above 64 and 34
billion dollars, respectively [247]. The number of people on dialysis worldwide
is predicted to rise to 5.24 million by 2030, doubling the number in 2010 [245],
with the associated costs rising in step.

The kidney is one of the most perfused organs in the body, receiving a 5th

of cardiac output. The circulatory transit time from the lungs is approximately
a few seconds. HP 129Xe has a T1 of ≈8 seconds in blood [248] so can reach the
kidneys with su�cient polarisation for in-vivo detection. Work by J. Chacon-
Caldera et al. assessed the feasibility of dissolved HP 129Xe MRI in human
kidneys [14]. Using a bespoke coil, they were able to detect HP 129Xe dissolved
in the kidneys in both NMR spectroscopy and MRI experiments at a B0 �eld of
3 T. These experiments showed that measuring parenchymal tissue perfusion in
the kidneys was possible. They also predicted that it might be possible to use
HP 129Xe to measure early �ltration in the kidney. Based on these results, they
advised that pilot clinical studies to assess kidney physiology with HP 129Xe
could now be considered.

6.5 Conclusion

As outlined in the previous sections, even a small handful of lung, brain and
kidney diseases has a wide-reaching impact on society. These debilitating and
often fatal diseases not only have a human cost, but, due to the sheer number of
cases, has a signi�cant economic toll. Developing imaging techniques to observe
lung, brain and kidney function is therefore of utmost importance. HP 129Xe
MRI is being used in clinical studies, and its feasibility in helping clinicians
identify and monitor the treatment of various diseases is being demonstrated.
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Before it can be routinely used as a clinical tool, it requires more focused research
e�ort, reduced costs and improved manufacturing techniques. Nevertheless, HP
129Xe MRI and NMR could potentially have a real impact when translated into
a clinical setting.
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Chapter 7

HP 129Xe imaging results
with a 0.5 T upright MRI
scanner

7.1 Introduction

This chapter focuses on the preliminary work undertaken on the 0.5 T MROpen
Upright Paramed Medical Systems (Upright) scanner using HP 129Xe. It starts
with a discussion of the scanner and coil hardware, before moving onto the NMR
and MRI work undertaken. Finally, the chapter covers the future work planned,
including acquiring a new chest coil and getting the coils approved for in-vivo
human use.

7.2 Imaging hardware

7.2.1 0.5 T Paramed upright MRI scanner

The 0.5 T Upright scanner's design is di�erent from a conventional �atbed MRI
scanner. The di�erences begin with the main magnet, which in a conventional
�atbed scanner is a super-conducting coil, and the subject is laid down inside the
magnet's bore. The Upright scanner's �eld of view (FOV) is located between the
two poles of a 0.5T magnesium diboride MgB2 cryogen-free horseshoe magnet.
The scanner's magnetic �eld direction can be seen in Figure 7.1. As the mag-
net is a high-temperature superconductor, it does not need to be cooled with
liquid He. Should the Upright scanner need to be shut down for maintenance,
inspections or in case of emergency, the magnet's current can be ramped down
quickly and ramped back up again on the time scale of hours. This contrasts
to the costly quenching procedure that must occur to shut down a conventional
�atbed scanner.

This magnet design gives the Upright both its key advantage and its main
drawback. The perpendicular �eld means the homogenous region of the scanner
is smaller than that of a conventional �atbed scanner, resulting in a smaller
FOV. However, it should be large enough to contain the whole volume of the
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lungs. The advantages is that it allows the subject to be imaged in a wide range
of positions. The bed can be removed, and the �oor can be lowered or raised,
allowing the subject to be imaged standing up, with the region of interest (ROI)
(from the head to feet) residing the scanner's FOV.

Figure 7.1: 0.5T Paramed upright MRI scanner with B0 �eld direction labelled

This allows for a comparison of images taken of a subject in di�erent posi-
tions. Another advantage is that an ROI can be imaged when it is experiencing
load-bearing stresses; for example, an ankle can be imaged while the subject is
standing. Positional freedom is bene�cial for HP 129Xe lung imaging, as lung
function and oxygen levels can change with body position [249]. The majority
of people spend most of their lives upright, either standing or sitting; therefore,
the Upright scanner is able to produce images that provide more clinically rele-
vant data. Additionally, reduced lung function in patients with conditions such
as COPD may mean they cannot lie down for prolonged periods [250], which is
where the Upright scanner demonstrates a key advantage. It is normally hard
to recruit patients with lung diseases that have progressed to more advanced
stages, as the patient's tolerability to being scanned while supine decreases. The
Upright is, therefore, far more tolerable for such patients. Another factor in-
creasing tolerability is that the scanner is not enclosed, eliminating the feeling
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of claustrophobia that is common with �atbed scanners [251]. This also opens
up the possibility of scanning younger children without the need for sedation as
the lack of enclosure provides for a less stressful experience. Very young children
can even be scanned while on their parent's lap if needed. Children as young as
three years' old, for example, have been scanned on the Upright scanner in the
University of Nottingham without any sedation.

The Upright scanner's magnet produces a �eld strength of 0.5 T, which is
a third of that provided by even the lowest-strength clinical �atbed scanner in
the SPMIC-QMC. Higher �eld strengths provide better SNR for proton images,
which in turn allows for faster imaging and for thinner slices to be taken while
still providing an acceptable SNR. Thinner slices increase the spatial resolution
the scanner can achieve [252]. Unlike with protons, the polarisation of the HP
129Xe does not depend on the �eld strength of the scanner. At lower �eld
strengths, the relaxation due to T2∗ is also reduced. J. Parra-Robles et al.
found that the SNR of HP 129Xe MRI peaked close to 0.5 T [253], indicating
that the lower �eld strength of the Upright scanner should be able to provide
high-quality 129Xe MRI images.

The Upright scanner is the only multi-nuclear scanner of its type in the
world. The Redstone spectrometer connected to the scanner has two separate
RF ampli�ers: one to image protons and one for 129Xe. There are also eight
receive lines on the spectrometer, with four for proton and four for 129Xe MRI.

The scanner is controlled via the NGR clinical interface. This software is like
those found on other clinical scanners and enables basic control over sequences
that have been approved for clinical use. The clinical interface uses sequences
that have been developed in the program TechMag Inc NMR (TNMR). TNMR
can also control the scanner directly when it is not being used clinically, giving
the user more �exibility and �ner control. TMNR allows the user to build se-
quences via a user-friendly GUI, increasing the ease of sequence development.
Sequence development for GE scanners is more complex, requiring the user to
learn GE's Environment for Pulse Programming (EPIC) language and requir-
ing a research agreement with GE for the user to access and use the code. The
sequence development on TNMR for the Upright used in the following experi-
ments was performed by J. Harkin, who was also responsible for the scanner's
operation.

7.2.2 0.5 T Paramed upright receive coil

129Xe surface coil

The initial testing of the multi-nuclear capabilities of the Upright scanner was
undertaken using a single-channel, 10 cm-squared surface coil supplied by Clin-
ical MR Solutions (CMRS). The coil operates as a T/R NMR coil, tuned to the
Larmor frequency of 129Xe in the 0.5T �eld. A picture of the coil can be seen
in Figure 7.2.
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Figure 7.2: Surface coil with the covers on and o�

The exact resonance frequency of the coil had to be determined before any
other experiments could be conducted. The coil was loaded with two bags
full of Hartmann's solution (HS) [254] to replicate the loading the coil would
experience when placed on a subject's chest. The interaction between the load
and the coil shifts the coil's resonant frequency and dampens its peak response
[255]. If not loaded correctly, its peak resonance will be shifted away from the
129Xe's Larmor frequency, resulting in a lower SNR. A simulated load must be
used as the coil is not currently approved for use with humans.

Two 0.5 L HS bags were used for loading and were placed on top of the coil.
The coil was connected to an Agilent Technologies E5061A 300 kHz-1.5 GHz
ENA Series Network Analyser. The coil's resonance frequency was found to be
5.890 MHz with a peak response of 28.016 dB and FWHM of 43 kHz (see Figure
7.3).
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Figure 7.3: Surface coil loaded with HS bags and Tedlar bag with 129Xe sitting
in the coil

The coil was tested on a 1 L bag of HP 129Xe with an initial polarisation
of 9%. A simple pulse/acquire sequence was used with a TE of 30 ms, a 70 dB
Tx attenuation and a small �ip angle RF pulse of 3 ms. No gradient �elds were
applied during this sequence, meaning the B0 magnetic �eld was homogeneous.
The 129Xe signal was found and con�rmed by changing the pulse length of the
RF pulse, which altered the size of the 129Xe signal. After multiple pulses
interrogating the 129Xe, polarisation was measured using the 2881 measuring
station and had dropped by < 1%. The minimal change in polarisation showed
that the �ip angle of the RF pulse was indeed small. During this test, the
Larmor frequency of the 129Xe was found to be 5.841 MHz

J. Harkin re-tuned the coil to bring its peak response closer to 5.841 MHz
A 33pF 3kV capacitor was added in parallel to alter the peak frequency of the
surface coil. The peak response shifted to 5.842MHz and improved, giving a
response of 33.039 dB with a 27 kHz FWHM. The 129Xe Larmor frequency
is now within the FWHM of the coil's peak response. Using the same pulse
sequence on a 1 L bag with 12.25% polarisation gave a peak height of 27623.
Before the coil was re-tuned, a bag with 5.73 % polarisation gave a peak height
of 8222 arbitrary units. When compensating for the di�erence in polarisation
between the two bags, the re-tuning resulted in ≈ 57% increase in performance
at the peak response frequency.

7.3 Upright 129Xe NMR spectroscopy

The sequence development work on the Upright scanner was undertaken by J.
Harkin and can be found in his thesis [256]. The work presented instead focuses
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on the NMR spectra and MRI images of HP 129Xe achieved on the Upright and
the relevance to future clinical work.

7.3.1 129Xe dissolved phase NMR spectroscopy

As discussed in Section 2.5.4, one of the unique features of HP 129Xe is its
high chemical-shift sensitivity. These experiments investigate the ability of the
surface coil to detect the chemical shift of 129Xe in the dissolved phase with
NMR spectroscopy.

The advantage of surface coils is their high sensitivity. RF sensitivity is given
by the magnitude of B1 magnetic �eld strength by a unit current (i) through the
coil B1

i , which allows them to produce a higher SNR compared to a volume coil
[257]. Relative sensitivity of the coil is inversely proportional to its diameter,
which increases the SNR that can be achieved in smaller coils [257]. The issue
with a smaller coil is that its sensitivity drops o� quickly with distance. With
its small size, the CMRS surface coil should therefore be suitable for dissolved-
phase NMR, where high sensitivity is needed due to the low fraction of 129Xe
in the dissolved phase compared to the gas phase. The useable 129Xe signal
in the dissolved phase measurements will also reduce quickly because the O2

introduced into the syringe during 129Xe gas loading will result in short T1 and
T ∗2 .

Methods

To measure its chemical shift, 129Xe was dissolved in four di�erent liquids:
water, olive oil, tert-butanol and ethanol. This was performed on the surface
coil using NMR spectroscopy.

The HP 129Xe was introduced to these liquids using the following protocol.
The liquid was sucked into a syringe, �lling half of its volume. As O2 would
increase the depolarisation of the 129Xe, it was important to ensure no air
bubbles entered the syringe during this process. The syringe was then attached
to the tube of the Tedlar bag, the bag was then unclipped and the 129Xe was
sucked into the syringe until full. The bag was then clipped, and blue tac was
used to cover the end of the syringe to limit the exposure of the HP 129Xe to
atmospheric O2. The syringe was then vigorously shaken by hand to mix the
liquid and HP 129Xe. This increased the surface area between the two, meaning
more 129Xe dissolved into the liquid. Finally, before the scan was performed,
the syringe was placed inside the loaded surface coil.

The NMR signals were acquired with a 3ms RF pulse with a 30 dB atten-
uation, producing a ≈ 30o �ip angle. This �ip angle was chosen as it ensured
no 129Xe nuclei were completely depolarised in the coil's non-uniform B1 �eld.
A short TE (2.2 ms) was also used in order to maximise the signal collected in
the acquisition window.

Results

On the day of the experiments, the 129Xe gas-phase peak was found to be
5.84035 MHz. The dissolved phase peak in water was found at 5.84146 MHz,
equivalent to a chemical shift in water of 190.0 ppm. When dissolved in ethanol,
129Xe had a chemical shift of 160.5 ppm. The chemical shifts observed are
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similar to the results found by K. W. Miller et al. [258], although their results
were slightly higher, with a chemical shift of 198 ppm and 165 ppm for water and
ethanol respectively. K. W. Miller et al.'s experiments were undertaken at 760
Torr of pressure, which are the same values as the Upright experiments. [258,
259]. The di�erence between the published values and the experimental values
may be in part due to di�erences in temperature between the two. Although
both were taken at "ambient" temperature, what is considered ambient can vary
and cause a change in 129Xe chemical shift up to 0.25 ppm/C for lipids [260]
and ≈ 0.08 ppm/C for water [261]. This is a result of decreasing local liquid
density with temperature, increasing collision energetics between 129Xe and the
liquid [261]. K. W. Miller also carried out their work at 2.1 T, and, although
it has been recently reported that �eld strengths can a�ect the size of chemical
shift, [262], the impact is only signi�cant at higher �elds [262].

The dissolved phase 129Xe signal olive oil produced a twin peak, and the
centre between these two peaks was chosen as the chemical shift value (192.2
ppm) (see Figure 7.4).

As with the previous two liquids, this shift was lower than the published
value of 198 ppm [258]. In addition to the temperature and systematic errors
mentioned above, the non-standardised method of production between olive oils
[263] could also be a factor. Work presented in E. Woolley's thesis measured a
chemical shift of 190 ppm when 129Xe was dissolved in olive oil [264]. E. Woolley
also measured the chemical shift of 129Xe dissolved in toluene, the results of
which matched those published (190 ppm) [264, 258]. The fact that the set-up
was able to measure only one of the peaks correctly supports the theory that
not all olive oils are created equal so do not induce the same 129Xe chemical
shift. The olive oil composition could therefore be a factor behind the double
peak. Even pure olive oil has many di�erent components and, as a result, NMR
has been used to �ngerprint olive oils to determine their purity and source [265].
Olive oil is composed of mainly triglycerides which di�er in length, degree and
the type of unsaturation of the acyl groups [266]. This gives rise to multiple
chemical shifts [267], [268]. However, the NMR signals of the smaller olive
oil components, such as mono- and di-glycerides, sterols, tocopherols, aliphatic
alcohols, hydrocarbons, fatty acids, pigments and phenolic compounds, have
their own peaks with their own chemical shifts. These can also be measured
when they are present in su�cient quantities so not overwhelmed by triglyceride
peaks [269]. These multiple components could contribute to the double peak
from 129Xe in the olive oil, which was a supermarket's own-brand product,
normally a composite of olive oils from several sources [270]. This mean there is
a slight variation of chemical composition throughout the olive oil. The variation
in chemical composition could result in slightly di�erent chemical shifts, hence
the double peak. The last experiment dissolved HP 129Xe in tert-butanol and
exhibited a chemical shift of 176 ppm.
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Figure 7.4: NMR spectra showing the shifted double peak produced by HP
129Xe in olive oil

These tests have shown that the surface coil can observe the chemical shift
of 129Xe with NMR spectroscopy. Once the coil is approved for human use, it
can be used for preliminary in-vivo dissolved-phase NMR and MRI imaging on
the Upright in readiness for future work on a Pulseteq 129Xe/1H chest coil.

7.4 Upright 129Xe MRI imaging

7.4.1 Introduction

This section covers the �rst 129Xe images obtained on the Upright scanner,
looking at the sequence used and the coil and scanner's ability to image more
complex structures.

7.4.2 Methods

Sequence selection

Several sequences had been developed and tested for 1H imaging on the Upright
scanner. To reduce development time, an existing 3D-spoiled GRE 1H sequence
was therefore modi�ed for 129Xe imaging.

When spoiling occurs in a GRE sequence, it acts to disrupt the transverse
coherence that might remain between cycles [271]. It ensures that no transverse
component to the magnetisation is present before each RF pulse. If the TR of
the sequence is much higher than T2∗ , the transverse magnetisation has time
to decay to zero before the next RF pulse. A long TR is not always practical
for several reasons. Firstly, it increases scan time, which is not acceptable for
129Xe MRI lung imaging where images have to be taken in a single breath-hold.
Furthermore, a longer TR time in a GRE sequence weights the contrast more
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towards T2∗ [272]. Depending on the aim of the scan, another contrast may be
more useful.

There are two spoiling methods, which occur between the signal acquisition
and the next RF pulse. The �rst is RF phase-cycling, known as �RF-spoiling�,
a method many MRI scanner companies use in their pre-installed sequences.
It works by changing the RF pulse phase using a recursive formula [273]. The
bene�ts of this method are that it does not generate eddy currents, and it is
spatially invariant. Therefore, if there is a uniform transmit, the spoiling will
also be uniform.

The second method is �gradient spoiling�, which works by applying multiple
slice-select gradients. The strengths of these spoiler gradients are varied ei-
ther linearly or randomly. Unlike RF-spoiling, gradient spoiling is non-uniform
[274], which can lead to artefacts in the �nal MRI image. The 3D-spoiled GRE
sequence employed in the following experiments uses a mixture of the two to
ensure the transverse magnetisation retained between TR's is minimised.

7.4.3 Sequence testing

129Xe phantom loading

The sequence testing was performed in a simple phantom constructed from
a Compactor Aspifresh rectangle vacuum food storage container (Tupperware).
The Tupperware has a simple rubber valve that is used to evacuate air out of the
container in order to keep food fresh. The valve was removed and replaced with
the inlet found on the Tedlar bags, after which a 1

4 -inch plastic tube could then
be connected to the inlet. The tube enables the Tupperware to be attached
to the manifold of the Polarean 9810 polariser. Atmospheric impurities were
removed from the phantom using the same protocol as that for a Tedlar bag
(see Section 5.1.1). The Tupperware was then evacuated, and the tube was
clipped to seal the phantom in preparation for 129Xe loading. The Tupperware
phantom set-up can be seen in Figure 7.5.
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Figure 7.5: Image showing the Tupperware phantom used in the �rst 129Xe
images on the Upright, there are depressions in the phantom as it has been
evacuated in preparation for HP 129Xe loading.

The 9810 polariser then produces 1 L of HP 129Xe, which is decanted into
a Tedlar bag. In the scanner, the Tupperware is placed atop the HS bags and
surface coil. A Chemglass adapter connects the bag and Tupperware. The bag is
unclipped, followed by the evacuated Tupperware, and the pressure di�erential
causes the HP 129Xe to be sucked into the Tupperware. To aid in gas transfer,
the bag is squeezed at the same time. The Tupperware is then clipped, and the
8-slice 3D spoiled GRE MRI sequence is initialised.

7.4.4 Flip angle optimisation

To be able to determine the optimal FA, the FA for given attenuations must be
known. To achieve this in a FA calibration, the non-recoverable nature 129Xe
must be taken into account. When using a constant FA, the HP signal of the
kth pulse (Sk) is given by equation 7.1.

Sk = S1(cos(θ)exp(
−TR
T1

)k−1 (7.1)

� HP signal of the kth pulse: Sk

� HP signal of the 1st pulse: S1
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� Repetition time: TR

� Longitudinal relaxation time of 129Xe: T1

� Flip angle: θ

� Total number of excitations: N

� Excitation number 0,1,2. . . ,N: k

The transmit gain (TG) of the pulse is measured in dB for a given angle (θ),
shown in Equation 7.2. This allows FA to be determined for a variety of atten-
uations.

TGtheta = TG90 + λlog(
90

θ
) (7.2)

� TG in dB for a given angle (θ): TGtheta

� TG in dB for a 90o pulse: TG90

� A factor approximately equal to 20, dependent on the RF pulse shape: λ

By measuring the Sk after a su�cient number of repeated pulses with equal
attenuation, the measurements can be �tted to Equation 7.1 to determine the
FA. In the Tedlar bags in the Upright scanner T1 � TR, so Equation 7.1 can be
reduced to Equation 7.3.

Sk = S1(cos(θ))k−1 (7.3)

In the lungs, however, the presence of O2 will signi�cantly reduce the T1
129Xe

in comparison with the 129Xe in the Tedlar bag. This a�ects the T1 as given
by Equation 7.4.

1

T1
=
pO2

ξ
(7.4)

� Partial pressure of O2: pO2

� Oxygen enhancement factor (temperature dependent): ξ

FA can be accurately determined, provided that N is su�ciently large. J. Zhong
et al. found that FA measured at N = 8 is approximately the same as when
using N = 112 [275]. This shortened T1 means that, for the FA to be calibrated
within the lungs, the T1 also needs to be measured. Typically this was achieved
in two separate breath holds. As pO2 cannot be kept exactly the same breath
hold to breath hold this was not ideal.

Therefore, the calibration undertaken by J. Harkin used a method designed
by J. Zhong et al. where both FA calibration and T1 can be measured within
a single breath hold (less than 4 seconds) [275]. A simple explanation of the
method will be described here. For full details of the calibration, see J. Harkin's
thesis [256]

. A number of FAs (m) can be obtained by 8 x m excitations and m di�erent
transmitter gains. It is important to note that there is a limit to the FA used
as 129Xe is non-recoverable so the FA needs to be small to preserve polarisation
during the FA calibration scan. The surface coil's B1 strength di�ers depending
on its loading and distance the Tedlar bag is from the coil. Therefore, the FA
calibration was measured at two positions:
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� Position 1: Tedlar bag inside the coil loaded with two bags of Hartman
solution. Initial test.

� Position 2: Tedlar bag on top of the two bags of Hartman solution loading
the coil. This is to mimic the loading and distance the lungs would be
from the surface coil.

The results of the FA calibration of position 2, the position used for the imaging
experiments in this chapter, can be seen in Figure 7.6 and Table 7.1. The
di�erent clusters of 8 points in Figure 7.6 are from each FA calibration for a
given TG.

Figure 7.6: Flip angle calibration using a pulse amplitude sweep. Attenuation
is decreased every 8th slice by 2 dB with the �rst pulse at 42 dB.

For simplicity, a constant 6o �ip angle was chosen as a starting point. If using
a variable �ip angle [276] sequence where the �ip angle is altered throughout
the scan to maximise signal a lower �ip angle of 2.5o for the middle RF pulse
would be used. However, when the �ip angle is constant, it needs to be higher,
so there is enough excitation in the whole volume of interest and the edges of
the bag can be adequately depolarised. This is because the strength of the RF
pulse experienced by the 129Xe nuclei reduces with distance from the surface
coil, so the edges of the coil's FOV experience a lower �ip angle than those
towards the centre. A 6o �ip angle required a 40 dB attenuation; the resultant
images are shown in Figure 7.7. To make the most of the polarised 129Xe, two
more sequences were run on the phantom with RF attenuations of 35 dB and
30 dB, equating to �ip angles of 11o and 18o, respectively. The resultant images
can be seen in Figures 7.8 and 7.9.
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Transmit Gain (dB) Fitted Theta (Radians) R2
-42 0.1138 (0.05246, 0.1752) 0.27
-40 4.77E-07 (-1.07E+04, 1.07E+04) -0.44
-38 0.1137 (0.09268, 0.1347) 0.57
-36 0.1944 (0.1733, 0.2155) 0.84
-34 0.1846 (0.1684, 0.2009) 0.9
-32 0.2487 (0.2343, 0.2631) 0.96
-30 0.3637 (0.3465, 0.3809) 0.97
-28 0.3959 (0.37, 0.4218) 0.93
-26 0.422 (0.4162, 0.4679) 0.96
-24 0.5663 (0.5354, 0.5973) 0.97
-22 0.5073 (0.408, 0.6067) 0.6

Table 7.1: Table showing the �tted �ip angle related to attenuation with the
95% con�dence bounds shown in brackets.

Figure 7.7: Slices 3, 4, 5 and 6 from an eight-slice 3D spoiled GRE sequence
with 40 dB attenuation
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Figure 7.8: Slices 3, 4, 5 and 6 from an eight-slice 3D spoiled GRE sequence
with 35 dB attenuation

Figure 7.9: Slices 3, 4, 5 and 6 from an eight-slice 3D spoiled GRE sequence
with 30 dB attenuation

It was predicted that the resultant PXe after the 1024 RF pulses in the
sequence with 40 dB attenuation would be minimal (< 1%). However, there
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was enough PXe remaining to take two more images with lower attenuation
sequences. This indicates that the �ip angle dropped o� signi�cantly in regions
where the box was further away from the coil. The fact the 35 dB images
exhibited the highest SNR despite being the second scan supports this. The 30
dB sequence had a lower SNR, but it is unclear if this is due to the �ip angle
being too high or the 129Xe in the Tupperware being signi�cantly depolarised.
129Xe can freely move within the volume of the Tupperware so, even if the slice
closest to the coil had been depolarised, polarised 129Xe from further away slices
will be able to di�use into it between scans.

As shown in Figure 7.5, the Tupperware is not a uniform shape, the bottom
having a slightly raised central portion with an indentation around the outside.
This feature can be seen on the �fth slice of each scan. The indentation is
brighter due to the relatively heavy 129Xe nuclei settling at the lowest regions.
This feature is on the order of 1cm, and there is a well-de�ned line between the
indentation and raised region. Another interesting feature in the 30 dB scan
is a region of signal outside the Tupperware at the images' top and bottom,
thought to be from the Tedlar bag which still contains a small amount of HP
129Xe. The bag signal is wrapped around the top and bottom of the image due
to aliasing. The 30 dB sequence is strong enough to depolarise the bag sitting
15 cm away from the coil.

40 dB was selected for work going forward with the surface coil. Although the
SNR is not maximal, it is su�cient for imaging, and it will not wholly depolarise
the 129Xe closest to the coil before the sequence is completed. Finally, even with
40 dB attenuation, there is still enough signal to resolve the �ner detail of the
image (see Figure 7.7).

7.4.5 Fine structure capabilities

HP 129Xe MRI in a clinical setting can o�er a much higher utility if �ne struc-
tures, such as ventilation defects, can be resolved. The coil's ability to resolve
�ne structures was therefore investigated. One test examined how well the coil
could detect voids within the phantom, and the other tested its ability to resolve
small areas of signal on the scale of millimetres.

The void test involved placing a glue stick and sealed glass vial inside the
Tupperware shown in Figure 7.10 before it underwent the N2 purge/evacuation
cycles. The Tupperware was then �lled with 129Xe as per the protocol in Section
5.1.1. The image in Figure 7.11 shows that both voids can be resolved. For the
most part, these voids are featureless tubes. However, at the bottom of the glue
stick, there is a knurled knob for adjusting its height. This knurling is on the
order of millimetres and can be seen in Figure 7.10 b), which demonstrates that
the coil can resolve �ner structures as well as larger voids.
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Figure 7.10: Image showing the Tupperware phantom with glue stick and glass
voids

Figure 7.11: a) Slices 3, 4, 5 and 6 from an eight-slice 3D spoiled GRE sequence
with 40 dB attenuation performed on the Tupperware phantom with voids b)
An enlargement of slice 6 clearly showing the glass vial and glue stick

A 3mm internal diameter tube was used as a phantom and tested the ability
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of the coil to resolve �ne structure. A bag of HP 129Xe with a 14% polarisation
was produced and attached to the tubing. The Xe was then pushed through the
tubing by squeezing the bag. The tube was then clipped at both ends, coiled
and placed on top of the loaded coil. The 40 dB sequence was then performed,
the �nal images of which are shown in Figure 7.12. The images show that the
sequence and surface coil not only detect the signal inside the tube but were also
able to discern between the signal in di�erent loops of the tube. This indicates
that the sequence and coil will be able to image �ne structures in the lungs
when the coil is approved for human use.

Figure 7.12: Slices 3, 4, 5 and 6 from an eight-slice 3D spoiled GRE sequence
with 40 dB attenuation performed on the tube phantom

7.5 Discussion

These tests have demonstrated that this 3D-spoiled GRE sequence and surface
coil can produce 129Xe MRI images with high SNR in a range of di�erent phan-
toms and that it is also able to resolve �ne structure on the order of millimetres.
The images shown are the �rst HP 129Xe images acquired on a scanner of this
type. The HS bags in between the coil and phantoms simulate the distance the
lungs would be from the coil when on a subject's chest. The FOV of the coil
would also be able to image a signi�cant portion of the lungs given the size of
the Tupperware phantom used (23.2 x 15.2 x 7.3 cm).
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7.6 Future work - Pulseteq chest coil

A bespoke chest coil with a similar vest form factor to that of the CMRS coil
discussed in Chapter 8 was procured from Pulseteq Ltd. It is a 129Xe / 1H
array coil, composed of two identical sections: one in the front of the vest and
one in the back. The Xe array has four element coils, two in each section.
Using smaller surface coils in an array allows there to be a higher sensitivity
and SNR, while the array con�guration increases the FOV so the whole lungs
can be imaged [277]. Adjacent coils are 90o out of phase and opposite coil
pairs are 180o out of phase. These coil pairs can couple with each other to
create a more uniform �eld through the subject compared to a lone surface
coil, working under similar principles to a Helmholtz pair [278]. The two �elds
between the coil pairs (coils 1/coil 3 and coil 2/coil 4) are perpendicular, so can
be driven in quadrature. Quadrature imaging [279] means the signal from 129Xe
can be detected at multiple orthogonal directions and then combined after an
appropriate phase shift. This increases the SNR, as the same signal is acquired
multiple times. The surface coils also allow the design to be �exible, which is
much better tolerated over a wider variety of body shapes compared to a rigid
chest coil. The �exibility also increases the �lling factor of the coil as it can be
�tted tight to the subject's chest, unlike a rigid coil. The coils operate in T/R
mode, each with their own T/R switch. The transmit signal is split and fed into
each element using a four-way power splitter. The two elements in each section
overlap each other to give a total size of 32 cm x 40 cm [280].

The proton array is intended to perform 1H imaging on the same target
tissue, enabling easier co-registration of 129Xe and proton images. It is of two
element coils, one in each section. These elements are integrated into the same
sections as the Xe elements and centred within them. The 1H elements operate
only in receive mode and can be detuned so that they do not interfere with the
transmit pulses. The size of each element is 32 x 22 cm [280] and a diagram of
the coil can be seen in Figure 7.13.
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Figure 7.13: Pluseteq chest coil diagram

The Pulseteq coil has an FOV that covers the entire volume of the lungs. It
should therefore be able to produce a uniform B1 �eld in the whole region of
interest, enabling more accurate �ip angle calibration. The above features make
it signi�cantly more suited to HP 129Xe imaging than the surface coil. Using the
Pulseteq coil, the 3D-spoiled GRE sequence can also be further optimised using
a variable �ip angle [276] rather than keeping the value constant throughout the
sequences.

7.7 Conclusion

The experiments demonstrated that surface coil should be able to perform in-
vivo dissolved-phase NMR and 129Xe lung imaging with the 3D-spoiled GRE
sequence on the Upright scanner.

Before any human imaging can begin, the coil must �rst be approved for
human use by SPMIC. This process requires the amount of RF power delivered
to the subject, otherwise known as the Speci�c Absorption Rate (SAR), to be
quanti�ed. This is unlikely to be above unsafe levels, as the SAR values for
similar sequences and target on the 1.5 T GE �atbed scanner have posed no
safety issues and are approved for human use. SAR scales with B2

0 , among other
variables, so should be within safe limits at 0.5 T [281]. However, too much
RF power concentrated in one area could cause localised heating, which may
pose a risk of burns to subjects and exceed EU SAR guidelines. For approval
to be granted, a monitoring system also needs to be built to take the SAR
measurements in tandem with computer simulations.

This initial in-vivo work on the surface coil will pave the way for the work
undertaken with the Pulseteq coil, subject to its approval.
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Chapter 8

HP 129Xe imaging results
with a 1.5 T �atbed MRI
scanner

8.1 Introduction

This chapter focuses on the work undertaken on a conventional 1.5 T �atbed
scanner using a coil developed by CMRS. The chapter starts with a brief de-
scription of previous work undertaken on an older rigid coil. It then continues
with a discussion of the tests conducted on the CMRS coil. The work investi-
gated the ability of the CMRS' coil to image HP 129Xe in both phantoms and
healthy volunteers. From this work, it was possible to determine if the coil is
�t for use on patients with compromised lung function.

8.2 Imaging hardware

The QMC division of the SPMIC has access to a 1.5 T HDxt MRI scanner
made by General Electric (GE 1.5 T) [282]. This scanner is based on the GE
Signa series of 1.5 T MRI scanners and has undergone an upgrade to enable
multinuclear spectroscopy (MNS) so it can be used to image 129Xe as well as
protons. The GE 1.5 T's design is that of a conventional horizontal �atbed
scanner. The B0 �eld is produced by a superconducting coil which takes the
form of a solenoid. The coil needs to be kept at Liquid helium temperature to
maintain its superconducting state where it can produce a B0 �eld of 1.5 T.
The FOV is 48cm3, which allows it to image the entire volume of the lungs.

The GE 1.5 T is controlled via GE's proprietary scanner software, meaning
sequences can only be coded in GE's EPIC language. EPIC poses its own unique
set of challenges for sequence development, as described in Section 7.2.1, in
addition to the existing safety tests required by SPMIC for every new sequence
intended for humans use. The sequences used in the following experiments were
developed by S. Hardy [283] in 2015 based on a fast gradient-echo (FGE).
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8.2.1 GE 1.5 T receive coils

Rapid biomedical coil

Previous 129Xe in-vivo MRI work on the GE 1.5 T scanner at the University
of Nottingham was undertaken by J. Thorpe [284] and S. Safavi [285] using the
Rapid Biomedical coil (Rapid coil) [286], and is presented in their theses. The
Rapid coil is brie�y described to give context to why the switch was made to
the CMRS coil.

The Rapid coil is a birdcage coil supported by a rigid outer shell. A birdcage
coil is constructed from an even number of straight wires pointing parallel to
the B0 �eld. These wires are connected to two conductive loops at either end
[287]. Depending on the position of the capacitors the coils can be either in
high or low pass mode. For high pass coils, the capacitors are placed between
the rungs on the end loops. For low pass, coils the capacitors are placed on
each leg. A low pass mode birdcage coil is shown in Figure 8.1. A birdcage coil
can create a very homogenous B1 �eld within its volume. The Rapid coil is a
two-part design, which clips together once the is subject inside (see Figure 8.2).
Please note that the subject pictured in this chapter is the author of this thesis,
who gives full consent to his images being used. There are receive arrays in the
bottom of the solid shell connected to a �exible receive array placed on top of
the subject before the top shell is connected (see Figure 8.3. The �exible array
ensures that there is no dead space between the top arrays and the 129Xe inside
the lungs. If the receive arrays were instead in the top half of the coil, there
may be some distance between the top arrays and the chest of thinner subjects.
The coil being rigid ensures that the geometry of the coil remains unchanged
between subjects, which keeps the B1 transmit �eld uniform.
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Figure 8.1: Simple diagram of a birdcage coil with end rings and rungs (blue) and
capacitors (green). This �gure was created with OpenEMS [288] and Matlab.

The coil's rigid design puts a limit on the maximum body dimensions of the
subject. The �exible receive arrays further reduce the space inside the coil. In
addition to this, the subject's arms must be placed by their sides as subjects
cannot tolerate having their arms above their head during scanning. The coil
also adds to any feelings of claustrophobia within the scanner, placing greater
psychological pressures on the subjects. The cohort of subjects that can tolerate
this coil is therefore small, reducing its utility.
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Figure 8.2: Image showing how a subject is positioned inside the Rapid coil
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Figure 8.3: Image showing the position of the �exible arrays on top of the
subject within the Rapid coil

Clinical MR Solutions coil

As the cohort of subjects that could tolerate being scanned was restricted by
the Rapid coil's geometry, a replacement was needed. This came in the form
of a coil made by CMRS (CMRS coil). The coil is constructed from a hard-
wearing fabric and is worn like a bullet-proof vest. Adjustment to the �t can
be made with several Velcro straps, allowing for a more diverse range of body
types to be scanned than with the Rapid coil. Moreover, the CMRS coil does not
con�ne the subject's arms when worn, further increasing comfort and therefore
acceptability. The CMRS coil has a similar design to the coil used by J. Roos
et al. [105], although it is not restricted to a single operational mode.
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Figure 8.4: Image showing how the subject is positioned inside the CMRS coil

The coil can be run in two di�erent modes: quadrature transmit array re-
ceive (QTAR) and quadrature transmit / quadrature receive (Quad T/R). Both
modes used the coils housed in the vest to transmit the RF excitation pulse to
the 129Xe. There are eight element coils which make four two-coil arrays. These
two-coil arrays form pairs with opposing arrays in the same way that the coil
pairs couple in the Pulseteq coil. They also operate in a similar way as described
in Section 7.6 and should confer the same bene�ts to the �nal image. The main
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di�erence between the two coil designs is that, instead of four coils, there are
four two-coil arrays, allowing the individual coils to be smaller. The CMRS coil
therefore bene�ts from higher sensitivity and SNR provided by using smaller
surface coils [277].

Figure 8.5: Representation of the four two-coil arrays inside the vest used during
QUAD T/R mode
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Figure 8.6: Picture showing the 4 coil array locations in the vest (blue and red)
and the magnetic �eld lines (green and yellow)

Both pairs of arrays induce diagonal magnetic �elds at 90o to each other,
which pass through the subject's chest and are orientated in the x-y plane (see
Figure 8.6). The uniformity of the resultant B1 is dependent on how well the
coils in a pair couple with each other. As the CMRS coil has a �exible design; its
shape can be easily deformed, signi�cantly impacting the uniformity achieved.
The top of the vest must be rounded so that the coils are pointing in the correct
direction for optimum coupling. The more subjects �ll out the vest, the closer
the coils is to its optimum shape. This is harder to achieve in smaller subjects,
which leave more space for the coil to deform (see Figure 8.7a). To mitigate
deformation of the vest when worn by smaller subjects and foam pad is inserted
(see Figure 8.7b).
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(a) Picture showing the vest deformation in a smaller subject with no pad

(b) Picture showing the vest with foam padding to reduce deformation, increasing
uniformity between patients of di�erent sizes
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The method of 129Xe signal detection depends on the mode in which the coil
is operating. QTAR mode requires eight additional receive arrays to be placed
between the subject and the vest, four at the top and four at the bottom.
These arrays act as independent receive surface coils operating in quadrature.
The receive arrays can therefore detect the maximal NMR signal from the 129Xe
as they are acquiring signals 90o out of phase [279]. Furthermore, as the arrays
are in di�erent locations, combining their signal o�ers an increased sensitivity
across the entire volume of the lungs [279]. They are also closer to the region of
interest compared to the transmit coils in the vest, further increasing the SNR
of the �nal image. In some subjects, they also negate the need for a foam pad
as they �ll out the coil and maintain its shape. QUAD T/R does not require
any additional arrays and uses the coils in the vest for both Tx and Rx. QTAR
mode should o�er an improved SNR over QUAD T/R. QTAR mode is, however,
more complex, requiring switching to ensure the receive arrays do not interfere
with the transmitted RF.

Figure 8.8: Duplexer which connects the coil and the scanner with an inbuilt
GE coil ID chip

The cabling and box are shown in Figure 8.8; they connect the CMRS coil
to the GE 1.5 T so that the coil can be controlled by the scanner operator. In
addition to the connectors, the black box also contains an ID chip. This ID chip
is recognised by the GE 1.5 T scanner and allows the operator to run the pulse
sequences they wish to use. Without an ID chip, the GE software blocks the
operator from initialising any sequences with the CMRS coil.
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8.3 Imaging with the Clinical MR Solutions coil
in QTAR mode

8.3.1 Introduction

This section covers the testing and imaging undertaken with the CMRS coil in
QTAR mode. The sequences used, sequence optimisation, images taken and
issues encountered are all discussed. The HP 129Xe for these experiments was
manufactured using the SOP laid out in Section C. When 129Xe was made to
be inhaled by subjects, the pre-approved checks were undertaken as described
in Section C. All volunteers provided informed consent after a screening with
our clinician; following this, they read through and signed the relevant safety
documentation. The National Research Ethics service reference number for
these imaging studies is 13/EM/0401.

8.3.2 Methods

Sequence selection

The sequence used for 129Xe imaging on the CMRS coil was based on a 2D fast
GRE (FGRE) supplied by GE. This sequence was converted from the Larmor
frequency of 1H in the GE 1.5 T B0 �eld to that of 129Xe by S. Hardy and was
previously used with the Rapid coil.

Although the sequence and been modi�ed for use with 129Xe, the central
frequency may have shifted due to the slight tuning di�erences between the
Rapid and CMRS coil. The correct central frequency must be determined so
that the RF pulses produced by the coil are resonant with the 129Xe, maximising
the SNR of the �nal images. The central frequency is found by using a Free
Induction Decay Chemical Shift Imaging (FID-CSI) sequence, with a 3 s TR and
48 cm FOV. As PXe is non-recoverable, the FID-CSI excitation is minimised
so the polarisation can be preserved for imaging. To minimise excitation, the
transmit gain is set to zero and the Tedlar bag is placed on top of the coil. The
HP nature of 129Xe means high SNR spectra can be acquired to �nd the correct
central frequency with negligible depolarisation of 129Xe.

The FID-CSI showed that the central frequency only shifted by ≈ 10 Hz
between scans, even when the volunteer got into and out of the scanner. Based
on these �ndings, the inter-scan shift is small enough that the spectro pre-scan
only needs to be taken at the start of a new day of scanning.

Sequence optimisation

The initial 2D FGRE sequence parameters used a slice thickness of 10 mm and
a matrix size of 128 frequency-encoding and phase-encoding steps. This small
matrix size kept the scan time to within the duration of a single breath-hold (≈
20 seconds).

The next issue to account for when setting up a 129Xe scan is how to max-
imise the signal collected throughout the region of interest. The 129Xe is ex-
haled by the volunteer after their breath-hold, so there is no need to preserve
any polarisation for future scans. A balance, however, needs to be struck be-
tween providing the highest SNR and not completely depolarising the 129Xe
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before the scan ends so there is uniform signal throughout the lungs. In the
regime where TR is much smaller than T1, and the �ip angle is constant, the
magnetisation (Mx) after x pulses is shown in Equation (8.1).

Mx = M0(cosα)x−1 (8.1)

If each slice is excited separately, assuming no di�usion, x=128. The fact that
polarisation does not need to be preserved for the next scan does not necessarily
mean that completely depolarising the 129Xe yields the best image quality.
The drop in polarisation from the initial to the �nal phase-encoding step in
each slice must be taken into account. Otherwise, the phase-encoding steps
towards the end of the slice may have a signi�cant reduction in signal. The
aim was to lose half of the polarisation during each scan. For an x of 128, this
equates to a �ip angle of 6o. Equation (8.1) assumes no di�usion, which is not a
perfect assumption for the Tedlar bag as it allows free di�usion. It is, however,
a reasonable assumption for the lungs whose microstructure greatly restricts
di�usion. There are two other assumptions made when calculating the �ip
angle. The �rst is that the slice selection is perfect, so no 129Xe is depolarised
in the adjacent slices. This will not necessarily hold for this coil but can be
mitigated by increasing the spacing between slices. Secondly, it is assumed the
�ip angle is consistent throughout the region of interest. This will not hold
if there are any inhomogeneities in the B1 �eld as the RF power transmitted
will result in di�erent �ip angles throughout the lungs' volume. This will make
achieving the optimum �ip angle challenging as it may be too high in some
regions and too low in others. The B1 will also change depending on how the
coil is loaded, in turn altering the �ip angle. Despite these drawbacks, it is still
worth performing a �ip angle calibration, even if imperfect, to get as close to
the optimal �ip angle as possible.

RF Attenuation (dB) Bag PXe Before (%) Bag PXe After (%) Approx FA (degrees)
10 7.5 6.5 2.7
6 6.5 4.85 3.9
2 4.85 2.5 5.9
0 16.9 7.5 6.5
2 18.3 7.4 6.9
-4 7.4 2.2 8

Table 8.1: Approximate �ip angle calibration using a range of RF attenuations
using a 2D FGRE sequence 10mm slices on the CMRS coil loaded with saline
bags

Flip angle calibration used the 2D FGRE sequence with the following pa-
rameters: 10 mm slice thickness, 128x128 matrix size and 48cm2 FOV. Saline
bags were used to load the coil, simulating the load of a volunteer. A Tedlar
bag of HP 129Xe was placed inside the coil in the approximate location of the
lungs. After each scan, the Tedlar bag was returned to the 2881 measurement
station and its polarisation was measured. The bag was then returned to same
position within the coil. The RF pulse attenuation was altered for each scan,
ranging from 10 dB to 4 dB, in steps of 4 dB. The results can be found in Table
8.1. The attenuation that produced the highest SNR (34.1) was -2 dB, equating
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to an approximate �ip angle of 6o. Images acquired during the -2 dB scan are
displayed in Figure 8.9.

Figure 8.9: Example slices produced with the 2D FGRE sequence with a 48cm2

FOV and 10 mm slice thickness and -2 dB RF attenuation, SNR of slice 1 =
34.1

Initial volunteer lung imaging

After the sequence parameters had been chosen and optimised using a Tedlar
bag as a phantom, the coil's performance in QTAR mode when imaging 129Xe
in healthy volunteers was assessed. Alongside the clinical screening and 129Xe
tolerability tests, the volunteers were trained in how to inhale the HP 129Xe
properly. This ensured that the 129Xe was inhaled in such a way that the O2

content of the lungs was minimised and the 129Xe was maximised to achieve
the best SNR. Furthermore, this breathing protocol was verbally dictated by the
clinician during each scan to improve consistency. A standard protocol enables a
better comparison of multiple images of an individual and between individuals.
The protocol is detailed below:

� Breathe out

� Breathe in

� Big breath out (exhaling the gas in the lungs)

� Inhale 129Xe from the Tedlar bag

� Hold breath for the length of the scan

� Breathe out

� Breathe normally

A 2D FGRE sequence with a 48cm2 FOV, 10 mm slice thickness and a -2dB RF
attenuation was used. The volunteer inhaled 1 L of HP 129Xe with a polarisation
of 15%. The resultant images produced can be seen in Figure 8.10. The SNR
of these images was lower than predicted, with the lungs barely visible. Even
with the di�erence in the initial PXe taken into account, this is a major shortfall
compared to the SNR seen when imaging a Tedlar bag. Also compared to the
rapid coil despite the PXe produced by the 9810 being higher.
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Figure 8.10: Initial attempt at lung imaging using the CMRS coil in QTAR
mode, 1L bag of HP 129Xe 15% polarisation

It was theorised that the reduction in signal could be due to the di�erence in
coil loading with a human compared to saline bags. This di�erence in loading
could result in a di�erent �ip angle from the RF pulse. As the coil is designed
for human loading, it may be more sensitive when loaded with a human. The
same RF power could therefore produce an increased �ip angle that is further
away from the optimal value when calibrated using saline bags.

To test this theory, the 129Xe Tedlar bag was placed on the chest of a volun-
teer inside the CMRS coil. Another �ip angle calibration was performed, using
attenuations from 20 dB to 0 db in steps of 2 dB. The �ip angles were higher
when the coil was loaded with a human compared to with saline bags at an
equivalent RF attenuation. Four di�erent bags of HP 129Xe were used with
polarisations of 13.1%, 16%, 16.6% and 17%. The bag, coil and volunteer ar-
rangement were kept as consistent as possible between scans given the volunteer
was removed from the scanner while waiting for the next bag of HP 129Xe to be
produced. The bag is also removed to measure its polarisation between scans.
If moving the patient a�ects the loading in a signi�cant way, then the coil may
not be �t for use as it is tough to optimise the �ip angle based on a variable
that cannot be controlled. The resultant �ip angle calibration can be found in
Table 8.2.
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RF Attenuation (dB) Bag PXe Before (%) Bag PXe After (%) Approx FA (degrees)
20 13.1 11.8 2.3
18 11.8 10.5 2.5
16 10.5 8.95 2.9
14 8.95 7.3 3.3
14 16 13.1 3.2
12 7.3 5.7 3.6
10 5.7 3.6 4.9
8 3.6 2.1 5.3
8 16.6 9.8 5.3
6 2.1 1 6.2
6 9.8 4.4 6.5
4 4.4 1.7 7.1
4 17 7.1 6.8
2 7.1 2.4 7.5
0 2.4 0.6 8.5

Table 8.2: Approximate �ip angle calibration using a range of RF attenuations
using a 2D FGRE sequence 10mm slices on the CMRS coil loaded with a human
volunteer with bag inside the coil on the volunteer's chest

The images taken with an RF attenuation of 14 dB, 8 dB and 4 dB are shown
in Figures 8.11, 8.12 and 8.13, respectively. The 7th slice in each scan is used
to calculate the SNR of each image. Due to the inhomogeneity in Figure 8.13,
the signal value was averaged from the 25 voxels about two di�erent locations
(red and yellow cross), and the noise value was calculated from 25 voxels about
the green cross. SNR values can be found in Table 8.3. The SNR of the 8 dB
was higher than 14 dB and 4 dB. 8 dB RF attenuation resulted in a �ip angle
closest to optimal. It had more than double the SNR compared to using an RF
attenuation of 14 dB, despite only having 1.04 times the polarisation. The 4 dB
RF attenuation image had a higher initial polarisation, and depolarised more
of the HP 129Xe compared to the 8 dB scan, yet still had a lower SNR. This
shows that the resultant �ip angle was above optimal and depolarised too much
of 129Xe before the scan was complete.

Figure 8.11: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 14 dB RF attenuation, 16%129Xe polarisation, coil loaded with a human
volunteer with bag inside the coil on the volunteer's chest
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Figure 8.12: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 8 dB RF attenuation, 16.6%129Xe polarisation, coil loaded with a human
volunteer with bag inside the coil on the volunteer's chest

Figure 8.13: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 4 dB RF attenuation, 17%129Xe polarisation, coil loaded with a human
volunteer with bag inside the coil on the volunteer's chest

RF
Attenuation

(dB)

PXe before
imaging (%)

SNR
Red Cross

SNR
Yellow Cross

14 16 27.9 30.6
8 16.6 56.3 62.1
4 17 29.3 50.5

Table 8.3: SNR calculations for the 7th slice in Figures 8.11, 8.12 and 8.13

Coil loading

An Agilent Technologies network analyser was connected to the CMRS coil
to investigate the coil's response to di�erent loading strategies. The Agilent
displays the coil response, allowing the peak amplitude, its frequency and the
amplitude at 129Xe's resonant frequency inside GE 1.5 T (17.663 MHz).

The response of the coil was investigated under a variety of di�erent loading
conditions using both saline bags and human volunteers. Four di�erent volun-
teers were placed inside the coil to test how the coil's response varied between
body types and weights. Volunteers 1, 2, 3 and 4 (V1, V2, V3, V4) weighed
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approximately 65 kg, 70 kg, 70 kg and 85 kg, respectively. Variations linked
to the volunteers' arm position (tight versus loose) were also investigated, as
volunteers' arms are restricted by the bore of the scanner to be tight to the
vest. To see how the response could have been a�ected during the previous �ip
angle calibration, the response was compared with and without a Tedlar bag on
the volunteer's chest.

The peak amplitude (dB), the frequency of the peak (MHz) and the am-
plitude at 17.663 MHz (dB) for each loading strategy can be found in Table
8.4. The results showed that loading could in�uence both the coil's peak am-
plitude and its frequency. The peak amplitude, and thus the coil response, was
higher with all volunteers compared to with saline bags. Peak amplitude was
also higher when volunteers had their arms tight, both with and without the
Tedlar bag. This is because the vest is made more cylindrical, improving cou-
pling between the coil pairs. A more optimal coil shape could also be a factor in
explaining why heavier volunteers loaded the coil better than the lighter ones.
Heavier volunteers also had less space between their chest and the top of the
coil, increasing the �lling factor and providing a better peak amplitude. V2 and
V3 had similar weights but di�erent coil responses, showing weight is not an
exact predictor of coil response. Other aspects of body shape and composition
also play a role in coil loading. Loading was worse in all volunteers when a bag
was placed on their chest, which reduced the �lling factor as it moved the coil
away from the volunteer's chest. These tests showed that the coil was very sen-
sitive to di�erent loading strategies, making an accurate �ip angle calibration
hard to achieve.

Loading Strategy
Peak

Amplitude (dB)
Peak

Frequency (MHz)

Amplitude
at

17.663MHz (dB)
Saline Bags 11.5 17.4227 3.4
V1 arms loose 19.7 17.46 5.2
V1 arms tight 21 17.505 6.4
V1 arms loose bag on chest 16.4 17.471 5
V1 arms tight bag on chest 17.7 17.501 6.3
V2 arms loose 20.9 17.485 5.9
V2 arms tight 21.9 17.543 8.56
V2 arms loose bag on chest 17.5 17.511 6.3
V2 arms tight bag on chest 18.6 17.541 8.1
V3 arms loose 17.4 17.467 4.9
V3 arms tight 19 17.487 5.9
V3 arms loose bag on chest 15.2 17.491 5.5
V3 arms tight bag on chest 17 17.517 6.6
V4 arms loose 20.2 17.513 6.9
V4 arms tight 21 17.586 11.8
V4 arms loose bag on chest 18.5 17.497 6
V4 arms tight bag on chest 21.6 17.555 9.5

Table 8.4: CMRS coil response in QTAR mode with di�erent loading strategies
outside of the scanner
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Tests were performed with volunteers V2 and V3 to see if the coil's re-
sponse to loading within the scanner is more consistent where body position
is restricted. The e�ect of the central frequency inside the scanner was also
monitored. The results from the above test are shown in Table 8.5. All loading
strategies resulted in a smaller peak response inside the scanner compared to
outside, and, as before, the coil loaded with saline bags had a weaker response
compared to with volunteers. Although the peak height reduced, the amplitude
at the resonance frequency was higher by 7 dB and 4.3 dB for volunteers V2
and V3, respectively. If the coil were to be loaded with a volunteer instead of
saline bags, the resultant �ip angles would be higher for a given RF attenuation.
The increased response at the resonant frequency would explain why the image
quality was lower than expected, as the �ip angle was calibrated using saline
bags. The variation between the two volunteers is signi�cant, measuring 4.2
dB at 129Xe's resonant frequency. Calibration for each subject may, therefore,
be required to achieve the best image quality. This is not ideal as recruitment
becomes harder with increased visit times. More extended visits also come with
increased costs, associated scanner and sta� time.

Loading Strategy
Peak

Amplitude (dB)
Peak

Frequency (MHz)

Amplitude
at

17.663MHz (dB)
Saline Bags 10.3 17.603 9.1
V2 Arms tight bag on chest 15.5 17.64 15.1
V3 Arms tight bag on chest 14.3 17.755 10.9

Table 8.5: CMRS coil response in at 129Xe in QTAR mode with di�erent loading
strategies inside the scanner

Volunteer imaging signal variation within the lungs

Two new healthy volunteers (V5 and V6) were recruited to observe the signal
variation inside the lungs. They were imaged using the same protocol and under
the same ethics as the experiments in the previous section. The 129Xe was also
produced as per the protocol detailed in Chapter 5.

The imaging performed on volunteer V5 was undertaken to see how both the
SNR and signal variation in the lungs changed with di�erent �ip angles. Four
2D FGRE scans were run with four di�erent RF attenuations: 12 dB, 8 dB, 4dB
and 0 dB. The FOV and slice thickness remained unchanged from the scans in
the previous section. The second slice of the lungs in each scan was used for the
SNR calculations. This slice was chosen because the �rst slice with signal may
not be fully inside the lungs. The 12 dB, 8 dB, 4 dB and 0 dB scans produced
images with SNRs of 2.92, 6.60, 10.7 and 21.7, respectively. These images can
be seen in Figures 8.14, 8.15, 8.16 and 8.17. The SNR increased with reducing
RF attenuation, which shows that the optimal �ip angle had not been achieved
and that the �ip angle inside the lungs was considerably lower than in the bag
on top of the volunteer's chests.

The signal from slices in the lungs drops from anterior to posterior, and
there are several reasons which may explain this behaviour. Firstly, the �ip
angle variation from anterior to posterior could be so signi�cant that the coil
is exciting 129Xe less towards the posterior. Another reason could be that the
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receive arrays are not as sensitive to the signal in the posterior slices. Lastly,
the 129Xe could be depolarising so fast that, by the time the posterior slices are
imaged, there is not enough HP 129Xe left with which to image.

Figure 8.14: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 12 dB RF attenuation, inside healthy volunteer V5's lungs. This �gure
shows the �rst three slices anterior to posterior

Figure 8.15: 2D FGRE sequence with a 48cm2 FOV and 10mm slice thickness
and 8dB RF attenuation, inside volunteer V5's lungs. This �gure shows the
�rst three slices anterior to posterior

Figure 8.16: 2D FGRE sequence with a 48cm2 FOV and 10mm slice thickness
and 4dB RF attenuation, inside volunteer V5's lungs. This �gure shows the
�rst three slices anterior to posterior

203



Figure 8.17: 2D FGRE sequence with a 48cm2 FOV and 10mm slice thickness
and 0dB RF attenuation, inside volunteer V5's lungs. This �gure shows the
�rst three slices anterior to posterior

An imaging investigation was performed on volunteer V6 in several vest con-
�gurations and sequence parameters to try to account for the signal variation.
The �rst set of scans was performed with the same 2D FGRE sequence with 0 dB
RF attenuation and slices taken anterior to posterior. The vest con�gurations
were normal, receive arrays swapped, and vest / array con�guration reversed
(see Figure 8.18). These images show that the reduction in signal from anterior
to posterior is still present. The coil orientation is therefore not responsible for
the drop in signal.
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Figure 8.18: 2D FGRE sequence with a 48cm2 FOV and 10mm slice thickness
and 0 dB RF attenuation, inside volunteer V6's lungs with di�erent vest and
array con�gurations

In the subsequent investigation, images were acquired axially, which o�ers
a top-down view of the lungs, unlike the coronal view displayed in all previous
images. In the axial sequence, slices were acquired the bottom up, moving from
the base of the lungs to the top. Another scan was also performed with the
slice order reversed. The images from the two scans can be seen in Figure 8.19
and Figure 8.20. The anterior to posterior signal drop can still be seen in the
axial slices. This shows that the drop is not due to T1 relaxation, as the scan
proceeds, but in fact is present regardless of 129Xe polarisation, suggesting a
hardware issue. However, the T1 relaxation will have exacerbated the signal
drop observed in previous scans as the SNR now reduces in later slices of the
axial scans.
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Figure 8.19: Axial 2D FGRE sequence with a 48cm2 FOV and 10 mm slice
thickness and 0 dB RF attenuation, inside volunteer V5's lungs. This �gure
shows the slices 1, 4, 7, 10 from the bottom of the lungs to the top

Figure 8.20: Axial 2D FGRE sequence with a 48cm2 FOV and 10 mm slice
thickness and 0 dB RF attenuation, inside volunteer V5's lungs. This �gure
shows the slices 1, 4, 7, 10 from the top of the lungs to the bottom

Discussion

These experiments have shown that the CMRS coil is not currently suitable for
clinical 129Xe imaging in QTAR mode. The coil is very sensitive to loading,
where even subjects of the same weight can change both the frequency and
amplitude of the coil's peak response. Therefore, if not taken into account,
the resultant �ip angle from the same RF attenuation di�ers between subjects,
a�ecting the SNR in the �nal images. The variation in signal means it is not
possible to discern the outline of the lungs throughout its volume, let alone the
�ne structure.

The ability of 129Xe MRI to �nd localised ventilation defects sets it apart
from current spirometry, but the coil is not able to currently achieve this in
QTAR mode. As a result, there is no compelling reason to use the CMRS coil
on patients with impaired lung function in this mode.

The receive arrays may be interfering with the transmission coil, or the coil
may simply be faulty. Other teams operate the coil in QUAD T/R mode and
have encountered no problems. In order to determine if the CMRS coil has a
fault or if receive arrays are the issue, it will need to be tested in QUAD T/R
mode.
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8.4 Imaging with the Clinical MR Solutions coil
in QUAD T/R mode

8.4.1 Introduction

This section covers the testing and imaging of the CMRS coil in QUAD T/R
mode. Many other teams operate their CMRS coils in QUAD T/R mode, giving
a benchmark of what can be achieved. If the CMRS coil at the University
of Nottingham can reach that benchmark, it indicates the coil is working as
intended. Examples of the images produced by other CMRS coils can be seen
in work by Driehuys et al. [206], Cleveland et al. [289] and Chen et al. [290].

8.4.2 Methods

Phantom imaging

As the CMRS coil may have had a possible fault, the initial imaging investiga-
tions were undertaken using a phantom. The coil was loaded with saline bags
instead of recruiting a new healthy volunteer. Another Tupperware phantom
was built using the same method as the phantom in Section 7.4.3. The purge/e-
vacuation and 129Xe �lling procedure was also identical to previous phantom
work.

The Tupperware phantom used for these experiments had a larger volume
than the one used in Chapter 7. Its volume was 1.4 L, the longest side having
an internal length of 195 mm, which is longer than the distance between the
back and sternum. With Tupperware placed inside the coil with its longest side
perpendicular to the bed, it was possible to observe if an anterior to posterior
signal drop still occurred in QUAD T/R mode. A Tupperware �lled with HP
129Xe was scanned with the same 2D FGRE coronal sequence as used in QTAR
mode. Slices 3, 4, 13 of the scan can be seen in the �rst row of Figure 8.21
and slices 21, 22, 23 in the second row. The signal is consistent throughout
the volume of the phantom. Slices 3 and 23 are discounted, as they are the
�rst and last slices with signal. The Tupperware may therefore not occupy the
full diameter of these slices. The consistent signal shows that the anterior to
posterior signal drop is not present in QTAR mode.

An additional observation from these images is the small nub of signal that
can be seen about half-way down the Tupperware on the left-hand side of the
image in slice 13. The signal comes from the HP 129Xe inlet tube of the Tup-
perware. The tube has a 6 mm internal diameter, showing the coil's capability
of imaging �ne structure in QUAD T/R mode.
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Figure 8.21: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 8 dB RF attenuation, inside a Tupperware phantom using QUAD T/R
mode. This �gure shows the slices 3, 4, 10 on the top row (left to right) and 21,
22 and 23 on the bottom row (left to right)

Sequence optimisation

During sequence optimisation, 0.6 L Tedlar bags were used as phantoms. The
aim was to produce the best SNR while maintaining an acceptable scan time.
For all scans with a similar attenuation, the �ip angle was estimated to be
comparable as saline bags were used to load the coil, and their position did not
change between scans. It is not possible to produce bags with the exact same
polarisation on the Polarean 9810. For that reason, the SNR is scaled with the
in-bag polarisation to allow for a fair comparison (see Table 8.6).

Scan
No.

Orientation

Matrix Size
(Freq. enc.

x
Phase enc.)

Slice
Thickness
(mm)

RF
Attenuation

(dB)

Starting
PXe
(%)

Ending
PXe
(%)

Approx
FA

(degrees)

Highest
Slice
SNR

SNR
PXe

1 Coronal 128x128 10 20 17.6 14.68 3.1 11.3 0.65
2 Coronal 256x128 10 20 14.68 12.4 2.9 6.9 0.47
3 Coronal 128x128 5 20 12.4 10.67 2.8 4.6 0.36
4 Coronal 78x128 5 20 10.67 9.46 3.2 3 0.28
5 Axial 128x128 10 10 9.46 4.09 6.6 15.5 1.6
6 Axial 128x128 10 10 3.6 1.4 7 7 1.9

Table 8.6: 2D FGRE sequences performed on a 0.6 L bag of HP 129Xe using
the CMRS coil in QUAD T/R mode

Four coronal 2D FGRE scans were undertaken with an RF attenuation of 20
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dB. The number of frequency encoding steps and the slice thickness were varied,
but the phase encoding steps remained consistent between the four scans. Scan
1 was the control, using the same sequence parameters as the QTAR CMRS coil
tests. This scan had a 17-second duration. Doubling the acquisition window,
doubles the number of frequency encoding steps and only increases the scan
duration by 2 s. If the number of phase encoding steps is doubled, the scan
time also doubles. The scan time also doubles if the slice thickness is halved
and the FOV is kept constant. By doubling the frequency encoding points, the
voxel size is halved, so each voxel has less HP 129Xe, therefore reducing SNR
(see Scan 2). The same reduction in voxel size occurs when the slice thickness
is halved, shown in the SNR reduction between Scan 3 and Scan 1. The smaller
voxels do, however, allow for an increase in the image resolution so that �ner
details can be resolved. Scan 4 acted to preserve the resolution increase using
5 mm slices but had a reduced number of frequency encoding steps to keep the
scan time to a single breath-hold. Scan 4 had the lowest scaled SNR, so using
its parameters would only be recommended if there was su�cient PXe to take
advantage of the increased resolution. Two axial identical scans where also taken
but the RF attenuation was set to 10 dB they showed that a 10 dB attenuation
provided a scaled SNR that was over 2.4 times higher. The parameters used in
scan 5 and 6 were used as the starting point of volunteer imaging.

Volunteer lung imaging

Volunteer V6 was imaged with a 2D FGRE sequence using the same parame-
ters as Scan 5/6 in the previous set of tests but using a coronal view. These
parameters were chosen as a starting point because they o�ered the best SNR
in the Tedlar bag. However, as seen before, the optimal �ip angle is likely to
change when the coil is loaded with a human instead of saline bags.

Slices were taken posterior to anterior and a signi�cant drop o� in signal
over the �rst few was observed. This drop o� between slice 2 and 3 can be seen
in Figure 8.22. By the 10th slice, the outline of the lungs was no longer visible.
This indicated that 10 dB RF attenuation had not resulted in a �ip angle close
to optimal.

209



Figure 8.22: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 10 dB RF attenuation, inside V6's lungs, using the CMRS coil in QUAD
T/R mode. Slice 2, SNR = 10.5 (left). Slice 3, SNR = 7.9 (right)

In the following scan, the attenuation was reduced to 0 dB and the slices
were taken from anterior to posterior. The signal could be seen in all slices
within the lungs; however, it was signi�cantly reduced in the central slices (see
Figure 8.23). This reduction in signal from the central slices could be explained
by their distance away from the coil, as the �ip angle could be much larger in
the outer regions of the lung. The coil could also be more sensitive to the 129Xe
signal when it is closer to the coil, further compounding the signal variation
between central and outer regions of the lungs. Volunteer V6 also had a slim
build, which resulted in the coil tenting and moving away from the volunteer's
chest, as shown in Figure 8.7a. The back of the volunteer was still �ush with
the bottom of the vest, which could explain why the signal was higher towards
the posterior.

210



Figure 8.23: 2D FGRE sequence with a 48cm2 FOV and 10 mm slice thickness
and 0 dB RF attenuation, inside volunteer V6's lungs, using the CMRS coil in
QUAD T/R mode. Slice 1, SNR=6.7 (top left). Slice 2, SNR=6.8 (top right).
Slice 7, SNR=4.8 (bottom left). Slice 13, SNR=7.1 (bottom right).

In order to prevent the coil from tenting, foam pads were inserted between
the chest of V6 and the vest (see Figure 8.7b). The scan was then repeated;
however it was cancelled by the scanner as it encountered an error. The GUI
displayed the following message: �Peak power exceeded on MNS broadband
ampli�er. Peak power 26 W�. �Peak power 26 W� is believed to refer to the
maximum average power that can be transmitted during a scan. To determine
the cause of the error, V6 was replaced with saline bags, following which the scan
completed without error. V6 was then placed back inside the coil, and the scan
was repeated a 3rd time. The 3rd scan was halted by the same error. Using these
speci�c scanning parameters, loading the coil with a human volunteer appears
to increase the power transmitted outside the range deemed safe by the GE 1.5
T scanner.
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To diagnose the error, V5 was scanned six times, the results of which can
be seen in Table 8.7. They were instructed to either breathe normally or to
hold their breath after inhalation. The inhalation caused their chest to expand
and simulated a subject inhaling 129Xe in a clinical run. This change in chest
size would a�ect the loading of the sensitive CMRS coil and may cause the scan
to fail. The attenuation was also altered, with two scans performed at 10 dB.
The sequence failed with the same error message in half of the scans. The error
only occurred when the attenuation was at 0 dB, which is unsurprising as power
transmitted is higher. The cause of the error did not appear to be a direct result
of RF attenuation, rather the error appeared to be intermittent. This is shown
in Scans 1 and 6, where, although identical, one failed and the other succeeded.

Volunteer Coil Con�guration
Response

Amplitude at 17.67MHz
(dB)

V1 Pads in 16
V1 Pads out arms loose 17.3
V1 Pads out arms tight 18.6
V1 Pads out leaning right 24.5
V1 Pads out leaning left 28.6
V3 Pads in 16.1
V3 Pads out arms loose 16.6
V3 Pads out arms tight 17.6
V3 Pads out leaning right 17.3
V3 Pads out leaning left 17.8

Table 8.7: Table showing the attenuation, breathing pattern and whether the
scan run successfully for six 2D FGRE scans using the QUAD T/R coil

To determine if the CMRS coil was the source of the error, it was replaced
with an RF terminator acting as a purely resistive load. With this set-up, the
scan could be run consistently with 0 dB RF attenuation but would fail if the
transmit gain was increased above 0 dB. This indicated that the coil was not
responsible for the error. Finally, to rule out the CMRS connector between the
scanner and RF terminator, it was replaced with an MNS bridge made by GE.
The error persisted despite the change in load and connectors. This indicates
that the error was caused by the scanner's MNS train. GE was contacted, and
their engineer found an issue with the MNS ampli�er and observed higher than
expected background noise. These issues may be causing the error message and
scan failures.

8.4.3 Discussion

Running the QUAD T/R mode can remove the signal drop from anterior to
posterior observed in QTAR mode, providing a more consistent signal across
the lungs. There is, however, still a variation in signal between the two lungs
(see Figures 8.22 and 8.23) and the signal that can be seen is lower than that
observed in QTAR mode. This is because the �ip angle is below optimal, as the
RF power produced is limited by an error with the GE 1.5 T's MNS ampli�er.
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There is also variation in the �ip angle due to the proximity e�ects in QUAD
T/R mode, which cause signal variation between the inner and outer regions
of the lungs. This variation is not present in work by other teams. The team
at Duke uses custom padding inside the vest to help it maintain its shape and
produce a more homogeneous B1 �eld (see Figure 8.24).

Figure 8.24: Coil padding used inside a CMRS coil at Duke University

In order make the CMRS coil in QUAD T/R mode suitable for clinical work
on the GE 1.5 T scanner, the MNS ampli�er needs to be replaced, and a custom
padding solution needs to be created for the coil in Nottingham.

8.5 Conclusion

The work discussed in the chapter, unfortunately, shows that, because of pos-
sible mechanical faults, the CMRS coil in the University of Nottingham is not
currently �t for in-vivo 129XeMRI imaging in patients. The coil and MNS train
fault conditions need to be recti�ed before human imaging can commence.

The coil was also modi�ed to work in QUAD T/R mode, a mode with which
many other teams have been able to achieve high-quality images [206, 289, 290].
The University of Nottingham coil was not able to achieve the benchmark set
by other CMRS coils working in this mode even with a comparable 129Xe bulk
magnetisation [289]. Despite eliminating the signal drop found in QTAR mode,
it su�ered from signal variation due to proximity e�ects and an undiagnosed
signal discrepancy between the left and right lungs. Besides the above issues,
scanner prevented the coil in QUAD T/R from producing a high enough RF
power to achieve an optimal �ip angle without causing the scanner to �ag up
an error and cancel the scan. This error was caused by faults with the MNS
ampli�er and RF connector in the feedthrough panel. Padding may improve
the coil's signal inhomogeneity, but it is currently un�t to perform clinical work
in QUAD T/R mode.

The plan going forward is to see if the repair on the GE 1.5 T scanner can
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�x the intermittent error while the coil is working in QUAD T/R mode. The
sequence can only be optimised and other errors properly diagnosed when this
intermittent error is �xed. If the CMRS coil in the University of Nottingham
still cannot reach the image quality produced by other teams, there are talks in
progress with the team in Oxford with regards to borrowing their coil to aid in
error diagnosis.
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Chapter 9

Conclusion

This thesis aimed to contribute to the progression of HP 129Xe MRI with a
focus on imaging the human lungs. The work presented sets out to achieve
this goal in several di�erent ways, investigating each stage of the HP 129Xe
imaging pipeline. It began with investigating the thermal dynamics of the gases
inside the optical cell during SEOP under di�erent conditions. The goal of these
investigations was to inform stopped-�ow polariser users on how to achieve the
highest 129Xe bulk magnetisation under various SEOP conditions. The next
section discussed the upgrade, redesign and testing of a stopped-�ow clinical
polariser, the N-XeUS2, with aim of developing a reliable, open-source, user-
friendly polariser that can compete with current continuous �ow polarisers in a
clinical setting. The �nal contribution to the overall aim were the investigations
looking at HP 129Xe in a clinical setting. This started with optimising the
�owrate of the Polarean 9810 continuous-�ow polariser to achieve the highest
PXe in a clinical setting. The HP 129Xe produced by the Polarean 9810 was
then used in the initial MRI imaging and dissolved phase NMR on a unique
0.5 T upright scanner developed by Paramed. The HP 129Xe was also used to
test a new �exible chest coil made by CMRS on the GE 1.5 T �atbed scanner.
These imaging studies aimed to push the boundaries of clinical HP 129Xe MRI
at the University of Nottingham and, in the case of the Upright work, test the
capabilities of a unique scanner whose open/upright design will increase the
cohort of patients that can undergo MRI imaging. The conclusions of each
chapter are outlined below, followed by an overall summary and statement of
priorities for work going forward.

9.1 Improving stopped-�ow 129Xe SEOP with Ra-
man spectroscopy

Chapter 3 detailed the work undertaken to investigate the kinetics of stopped-
�ow 129Xe SEOP. Examining the original experimental set-up showed that con-
sistency between experimental runs had to be improved; this was achieved by
spreading the alkali metals on the walls of the optical cell. Raman tempera-
ture measurements of the N2 within the cell showed that, once the alkali metal
vapour density hits a critical point and enters thermal runaway, the internal
cell temperature becomes signi�cantly elevated above the cell wall and oven set
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temperature. Runaway also causes a temperature gradient to form along the
length of the cell. This is where the temperature at the front of the cell is the
highest, and it reduces towards the back as laser transmission reduces due to
the high alkali metal vapour density. A cell entering runaway also has a severe
negative impact on the PXe, thereby setting an upper limit to useable oven tem-
perature and the γSEOP that can be achieved. This shows that good thermal
management is essential to achieve the highest PXe possible.

As previously reported [150] and as observed, the PXe decreased with in-
creasing 129Xe partial pressure and the total 129Xe bulk magnetisation was
higher in richer mixes. However, increased Xe leads to a greater SE, resulting
in a higher optical absorption, so a higher heat load which the N2 may not be
able to dissipate which can result in Rb runaway. 4He when it replaced N2 in
the gas mix had no signi�cant e�ect on managing the thermal gradient across
a spread cell nor on the �nal PXe achieved in a 1-inch cell. This is contrary to
the results presented in by J.Birchall et al. using a 2-inch cell who saw small
improvements in PXe and build-up rates when using 4He fractions of 45% [136].
Comparing 129Xe SEOP between Cs and Rb con�rmed that using Cs showed an
approximate two-fold improvement PXe over Rb. The �rst comparison between
the N2 temperature between Cs and Rb using Raman spectroscopy data showed
that due to Cs's higher vapour pressure and larger spin-exchange cross-section
with 129Xe, it was subject to runaway at signi�cantly lower oven temperatures
than Rb. This means that should Cs be used in a clinical stopped-�ow polariser
with high power lasers, thermal management is key to preventing runaway. Cs's
potential to increase polarisation and reduce build-up times could be a huge
bene�t in a clinical setting.

9.2 Upgrade and quality assurance of a N-XeUS2
stopped-�ow xenon-rich SEOP polariser

Chapter 4 �rst described the upgrade and redesign of the N-XeUS polariser
to the N-XeUS2. This involved upgrading the hardware and software. The N-
XeUS2 design was then replicated at Wayne State University in Detroit, dubbed
the W-XeUS2. Due to a series of laser failures at the University of Nottingham,
which have been the cause of most issues within the consortium, a lab visit
was undertaken to measure the PXe that the XeUS2 design could achieve at
di�erent 129Xe/N2 gas mixes. In a 2000 Torr cell, the polariser was able to
achieve a PXe of 59.1 ± 1.5%, 76.3 ± 2.0% and 97.9 ± 1.9% for 1500, 1000 and
500 Torr respectively. The PXe produced by the N-XeUS2 was higher than
the original XeUS polariser [24] for all gas mixes and at 500 Torr the N-XeUS2
achieved the highest PXe produced by a polariser of this type. The performance
of the W-XeUS using a 2700 Torr pressure produced lower but still high levels of
polarisation, generating a PXe of 56.0±1.5% and 51.8±1.5% for 1350 and 2025
Torr, respectively. The full data set has been submitted for publication to the
journal of magnetic resonance JMR with a subset of the data already published
in the same journal [136]. XeUS2 design, however, exhibited slow build-up rates,
sometimes taking up to three hours to reach a steady-state polarisation. This
would not be acceptable for a clinical setting where the time between scans is
typically 40-45 minutes. A comparison was made between the DE rate achieved
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by the W-XeUS2 in 30 minutes and that achieved by the Polarean 9810 in a
clinical time scale. It found that aside from the 500 Torr Xe and 1500 Torr N2

gas mix found there was no signi�cant di�erence in DE rate, showing that the
XeUS2 performance is su�cient for a clinical setting.

The �rst long term QA study of this polariser design was undertaken by on
the W-XeUS2 and was published in JMR [182]. It showed that the new manifold
construction enabled a simulated cell lifetime that could produce enough bags
for ≈ 90 clinical visits while still producing a polarisation level that would yield
an adequate SNR for MRI imaging. This would be equivalent to one to two
years of regular use, demonstrating that the XeUS2's cell lifetime is suitable
for a clinical setting. The N-XeUS2 is a safer, more user-friendly and higher-
performance polariser compared to the Polarean 9810. To fully utilise the high
PXe, future work is planned to employ an aluminium oven design to better
thermally manage the cell at high oven temperatures.

9.3 Production of hyperpolarised 129Xe for in-vivo
imaging using a continuous-�ow polariser

Chapter 5 began by discussing the theory and methods behind operating a
recently upgraded Polarean 9810 continuous-�ow polariser. The investigation
in the chapter explored the PXe produced when using a 3% Xe gas mix at
di�erent �ow rates. A 3% gas mix could produce a bag in 1.5 times less time
than a 2% gas mix without a signi�cant loss in polarisation and can deliver
a 1 L bag of HP 129Xe with a PXe of between 13 − 19% after 28 minutes of
cryo-collection. This quicker cryo-collection time meant that the Polarean 9810
was no longer the rate-limiting step during a clinical imaging visit, reducing the
pressure on the polariser operator and the scanner time needed for a subject
visit.

9.4 Hyperpolarised 129Xe work on a Paramed 0.5
T upright scanner

The investigations in Chapter 7 resulted in the �rst HP 129Xe NMR spectra
recorded, and MRI images taken on a Paramed 0.5 T Multinuclear upright
scanner. They showed that using the existing 3D-spoiled GRE sequence in
conjunction with a CMRS surface coil could produce 129Xe MRI images of
phantoms with high SNR and resolutions. The other investigation in the chapter
assessed the ability of the coil to perform dissolve-phase NMR of 129Xe on the
Upright scanner. It was able to resolve NMR signals from 129Xe dissolved in
water, olive oil, ethanol and tert-butanol. This indicated that, once approved
for human use, the coil would be able to perform in-vivo dissolved-phase NMR
and gas-phase MRI in the lungs. With the construction of a bespoke chest
coil by Pulseteq, the scope of 129Xe imaging on the Upright scanner is set to
increase.
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9.5 Hyperpolarised 129XeMRI imaging on a Gen-
eral Electric 1.5 T �atbed scanner

Chapter 8 investigated 129Xe MRI imaging on the GE 1.5 T scanner using a
�exible chest coil made by CMRS. The coil's vest-like design is more comfortable
and has higher patient tolerability compared to the rigid chest coil made by
Rapid Biomedical. However, it was found that the CMRS coil is not currently
�t for clinical imaging in QTAR mode due to a loss in signal from anterior to
posterior. When the coil was converted to work in QUAD T/R mode, the issue
presented in QTAR mode disappeared. Nevertheless, the Nottingham CMRS
coil failed to match the results from other teams with the same coil working
in the same mode. This is believed to be due to proximity e�ects. Due to a
scanner error detecting an unsafe amount of RF power being delivered to the
subject, it was not possible to achieve an optimal �ip angle in-vivo in QUAD
T/R mode. The results with QUAD T/R mode looked more promising than
those in QTAR mode; however, the coil is still not suitable for clinical work in
this mode at this time. No clinical 129Xe imaging can occur on the GE 1.5 T
scanner until the issues with the CMRS coil and scanner have been resolved.
The end goal is to move all clinical work onto the Upright scanner with a new
chest coil from Pulseteq and then compare those results with images taken by
the GE 1.5 T scanner and CMRS coil once they are fully operational.

9.6 Overview

The work set out in this thesis broadly achieved the goal it set out to achieve,
namely contributing to the progression of clinical 129Xe MRI imaging. The ma-
jor challenge, which can be seen throughout the thesis, however, is the reliability
of the equipment used to both produce and image the HP 129Xe. The entire
pipeline only functions if all components are functioning correctly. With so
many components, reliability may now be one of the greatest hurdles to 129Xe
MRI becoming a routine clinical procedure.

HP 129Xe MRI is starting to reach the performance of HP 3He in clinical
lung imaging. 129Xe's vastly reduced cost, combined with its large chemical shift
and ability to dissolve into the blood to be transported to other organs, makes it
more practical and applicable to a wider range of diseases than 3He. The �eld
of HP 129Xe MRI is maturing and the knowledge of production/imaging and
associated technology is constantly improving to yield higher PXe and better
exploit the available PXe to improve MRI image quality. The advent of upright
129Xe MRI allows for a whole new cohort of patients who previously could not
tolerate a conventional �atbed scanner and enables patients to be imaged in new
positions. Clinical HP 129Xe MRI imaging is currently in an exciting position
as it becomes better able to aid clinicians in diagnosing and treating a wide
range of diseases, which, if implemented correctly, could have a large positive
impact on global health.
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9.7 Priorities for future work

As discussed in the above section, one of the main priorities for HP 129Xe MRI
imaging is the reliability of production and imaging. The �rst step would involve
pursuing the work set out in Section 4.10.2 to build and install the new laser
design within the N-XeUS2 before it is integrated into the QMC. This laser
would be user-serviceable and more economical than the current Ultra500, the
most unreliable and expensive component of the N-XeUS2.

The next avenue of future work is to begin in-vivo HP 129Xe imaging on the
Upright scanner. This requires the Pulseteq coil to be approved for human use
by SPMIC; however, the coil can still be tested on phantoms pending approval.
Following this, initial imaging studies with human volunteers can be undertaken
before imaging patients with impaired lung function.

Further sequence development may be required on the Upright scanner as
patients with impaired lung function may not be able to hold their breath for
the amount of time required to complete the current 3D-spoiled GRE sequence.
This is especially relevant as the Upright scanner can image those patients
who cannot be scanned in a �atbed scanner and who may have even more
constraints on their maximum breath-hold time. Reducing scan time could
involve investigating techniques such as compressed sensing (CS) and gated MRI
imaging. CS is a method of generating images from undersampled data using
image reconstruction techniques [291] [292]. Studies have shown that CS is able
to accelerate HP MRI imaging with both 3He and 129Xe while still maintaining
an acceptable image quality [293] [294]. J. Harkin has developed a CS 3D GRE
proton sequence on the Upright scanner which, using 3-fold undersampling,
was able to produce a lung image with a matrix size of 256x200x22 in 22.7 s.
The resultant image was of a higher resolution than a previous fully sampled
SE sequence (duration 21 s), which had a matrix size of 160x128x7. The CS
sequence did however produce images with a slightly higher noise [256]. When
the matrix size was altered to 256x160x10, imaging could still be performed with
an undersampling factor of 4.82, which reduced the scan time even more and
could enable imaging to be undertaken on patients with impaired lung function
[256]. The next step will be to convert these new CS sequences to use for HP
129Xe imaging and optimise them to bring scan times to a minimum while
still producing clinically useful images. Gated MRI involves starting the MRI
sequence once a speci�c physiologic event has occurred. A simple example of
respiratory gating would be using a sensor to detect chest expansion to trigger
the MRI sequence at a speci�c point in the breath cycle [295]. This would make
it possible to take multiple 129XeMRI images of the lungs and combine them to
improve the SNR of the �nal image. This technique has been used with 129Xe
MRI imaging in mice, where gated images were taken over multiple breath-holds
to improve the SNR of the �nal image [296]. If applied to humans, images could
be taken with multiple shorter breath holds instead of a longer single one. The
high SNR in the gated mouse images required the mice to be anaesthetised and
ventilated with a constant-volume mechanical ventilator [109]. This protocol
would not be tolerated by human subjects. Another issue is that the current
production capacity of HP 129Xe in the QMC is 1 L per 45 minutes, and, under
current ethics, at least 30 minutes needs to be allowed between 129Xe MRI
scans. This time would allow the patient to move between image acquisitions,
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making it di�cult to produce an accurate �nal image. Both techniques pose
an interesting avenue for the development of HP 129Xe imaging on the Upright
scanner.
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Appendix B

N-XeUS2 automation system
and gas handling manifold.

Figure B1: Wiring diagram of the automation system within the N-XeUS2
polariser
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Figure B2: Key for the automation system wiring diagram seen in Figure B1
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Figure B3: Diagram of the redesigned N-XeUS2 gas handling manifold, includ-
ing the operation of the helical valves and stopcock
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Figure B4: Parts list for the N-XeUS2 gas handling manifold diagram
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Appendix C

Protocol for HP 129Xe clinical
drug production

HP 129Xe has been classi�ed as an investigational drug by the MRHA, meaning
it is subject to the same scrutiny as any MHRA controller investigational medic-
inal product (IMP). Each bag produced must have clear GMP traceability so
that all of its details can be traced in the unlikely event that a healthy volunteer
or patient negatively responds to the HP 129Xe. This makes it possible to see
whether protocol was adhered to, if any anomalous results were present and the
batch from which the Tedlar bag and other consumables came.

There are four people involved in the manufacture of HP 129Xe in the QMC.
Working together, they ensure it can be delivered to subjects safely. The �rst
member of the team is the polariser operator, who must be fully trained in its
operation. The next individual handles quality control and con�rms by way of
signature that the operator has adhered to the SOP and has recorded all critical
production parameters. Both individuals must be fully trained in Good Clinical
Practice and GMP. The third member of the team is a quali�ed person (QP),
who must be a certi�ed expert in pharmaceutical manufacture and distribution.
Their duty is to check the production paperwork to verify that all procedures
have been followed. They are also the only one who can issue a batch release for
use in human studies. The �nal person is a clinician, who screens the patient
before the day of scanning to make sure they meet the studies selection criteria.
Outside of the scanner, they monitor and record the subject's vital signs before
and after each scan. They also train the subject on the protocol for breathing
in the HP 129Xe. They also test the subject's ability to tolerate Xe by giving
them an unpolarised bag of medical-grade Xe to inhale. In the scanner room,
the clinician is responsible for instructing the subject on when to inhale the HP
129Xe. In the case of an emergency or adverse response to the Xe, the clinician
can stop the scan and remove the patient from the scanner. 24 hours after the
visit, the clinician contacts the subject by phone to check on them and record
any adverse events they may have experienced.

When making HP 129Xe for clinical use using the 9810, a pre-approved SOP
has to be adhered to, and the process must be fully documented. The SOP
is detailed in the �Batch Record and Certi�cate of Release - Hyperpolarised
Xenon-129. MAN 001 Master Batch Record. Version G� form. A part-by-part
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description of the SOP is detailed below, with the relevant page pictured before
an itemised description of that part.
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Part 1: Routine start up checks

Figure C1: STANDARD OPERATING PROCEDURE Master Batch Record-
Part 1: Routine start-up checks

� The batch number and date are recorded so the bags of Xe can be matched
to the relevant paperwork. This information is recorded on all pages of
the batch release form and on labels attached to the bag.

� The each stage of the polariser start-up is checked o� and initialled by
the polariser operator upon completion. This ensures all the equipment
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needed to perform the clinical run is present. These checks also make
sure process is performed correctly to avoid damage and poisoning of the
optical cell. Once the purge and evacuation cycles are complete, the gas is
allowed to �ow through the system. Finally, the laser is powered up and
the relevant variables are recorded.

These checks begin up to an hour before the subject arrives to give time
for any minor issues to be overcome. It also allows the visit to be cancelled
before scanner time is wasted should a more serious problem be identi�ed.

� These checks are then signed o� by the polariser user once they are com-
plete, stating the polariser is �t for service.
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Part 2: Batch release checks � production start � 1st sample

Figure C2: STANDARD OPERATING PROCEDURE Master Batch Record-
Part 2: Batch release checks � production start � 1st sample

� As HP 129Xe is constantly depolarising, the gas should be delivered to
the patient as quickly as possible after production. It is therefore not
practical to have the QP release each bag for human use individually.
A special IMP licence was obtained so that the QP could issue a batch
release using the QC results from only the �rst bag. The �rst bag has to
undergo the following checks:
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� Materials checks: These are unique to the batch release checks. The gas
cylinder serial number is recorded along with the batch numbers of the
bags and bag clips so that they can be traced back if needed.

� In-process checks: These checks are used to record the values of the po-
lariser's operational parameters. This makes it easy to observe any anoma-
lous values both during production and in a later review. They can also
inform parameter selection in future studies. This check is completed by
the polariser operator.

� Test results: After the HP 129Xe is released to a bag, its polarisation is
then measured on the 3777 measuring station. The polarisation is recorded
three times, and the average is calculated. The average polarisation is also
recorded on a sticker attached to the bag, one is placed on Part 3. A third
is placed on the clinician's patient report to enhance traceability between
production and clinical use.

� Disposition: The average polarisation is checked to see if it is higher than
3%. If it fails, the bag cannot be given to the patient and is rejected. At
this point, the production run must cease. Any information explaining
what might have contributed to the failure and other details that deemed
important are recorded in the comments section. A deviation report and
(out of speci�cation) OOS investigation need to be completed before pro-
duction of the next bag.

If no issues are encountered, and if the polarisation is above the 3% limit,
�Good �ll� is written. This is signed then o� by the person performing
QC.

� Once completed, Part 1 and Part 2 are sent to the QP to be checked. If
the QP is satis�ed, they sign o� the batch release and give verbal assent
to release the batch. The clinician is then able give the subject the �rst
bag HP 129Xe if they are satis�ed it is safe to do so.
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Part 3: Patient bag �lling record - Hyperpolarised Xenon-129

Figure C3: STANDARD OPERATING PROCEDURE master batch record -
Part 3: patient bag �lling record - Hyperpolarised Xenon-129

� Although the QP does not release each bag, GMP still needs to be adhered
to. The IMP licence therefore requires QA and QC to be performed on
every bag intended to be given to a subject. Each bag, including the
�rst, must have a �patient bag �lling record�, which records the same in-
process checks, QC test results and disposition. The failure protocol for
insu�cient polarisation is also the same as that detailed in Part 2.
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� Patient label copy: As noted in Part 2, a duplicate to the label on each
bag is placed on the sheet to enhance traceability and a third copy to
the clinician for the patient record. This creates full traceability from
production to administration.
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Batch review and QP certi�cation

Figure C4: STANDARD OPERATING PROCEDURE Master Batch Record -
Batch review and QP certi�cation

� Release tests: A summary of the polarisation measured for each bag pro-
duced.

� The QP checks through the �patient bag �lling record� associated with
each bag used in the batch and signs o� that the polarisation values are
correct and that the SOP was followed. This can occur after clinical work
is completed, typically within 24 hours.
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