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Abstract

The Synthetic Aperture Microwave Imager-2 (SAMI-2) is a 2D Doppler backscattering (DBS) di-
agnostic designed for multiple high quality simultaneous measurements of the edge pitch angle on
the Mega-Ampere Spherical Tokamak Upgrade (MAST-U). The specification, design and testing
of the SAMI-2 microwave front end, predominantly antennas and mixer circuitry, are described in
this thesis. Dual-polarisation sinuous antennas are designed and shown to fulfil their performance
criteria over the 20-40 GHz range. A four-channel microwave in-phase and quadrature (1Q) down-
converter is designed to mix the radio frequency (RF) signals from each antenna in the SAMI-2
phased array to a lower frequency, for digitisation. The down-converter is tested and found to
achieve its performance specifications over the entire frequency range of the antennas.

The 2D DBS technique was demonstrated by Synthetic Aperture Microwave Imager (SAMI)
on the Mega-Ampere Spherical Tokamak (MAST) to measure the edge magnetic pitch angle. A
radial profile of the edge pitch angle enables calculation of the edge current density, a di [cullt
guantity to measure, which is valuable for the validation of models and understanding of pedestal
dynamics and edge plasma instabilities, e.g. ELMs. In active probing mode, the SAMI-2 diagnostic
is designed to make the first measurements of the edge current density by a DBS diagnostic. In
passive mode, SAMI-2 will measure Bernstein wave mode conversion, to inform spherical tokamak
microwave heating systems.
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Chapter 1

Introduction and background

1.1 The SAMI-2 diagnostic

The Synthetic Aperture Microwave Imager-2 (SAMI-2) is a second generation diagnostic which
exploits the 2D Doppler backscattering (DBS) technique, shown to be feasible by the original
SAMI. SAMI made the rst microwave measurements of the magnetic pitch angle (described in
section 1.11) and obtained the rstimages of Bernstein wave mode conversion. SAMI-2 is designed
from the ground-up to signi cantly extend these capabilities, primarily by having nearly four times
as many antennas as the original. This increase in performance must t in a similar spatial volume
to SAMI and come at minimal additional cost. Consequently, we revamp the design methodology
to deliver this improvement.

To write the design speci cation of this microwave diagnostic, we need to know about spherical
tokamaks, the behaviour and uses of microwaves in tokamaks, relevant plasma instabilities, phased
arrays and related diagnostic techniques. Then, to design, build and test this diagnostic, we bring
together microwave printed circuit board (PCB) design techniques, high frequency simulation e orts,
antenna design and experimental techniques. This chapter provides the background describing the
components required to develop the SAMI-2 speci cation.

1.2 Fusion energy

The objective of this thesis is the development of a microwave diagnostic to advance the inter-
national fusion programme. Nuclear fusion has the potential to provide a clean and sustainable
energy source using widely available fuel found in the Earth's crust and in seawater, with extant
supplies for millions of years of global energy production [3]. All countries have access to these fuels,
deuterium from seawater and tritium made from lithium, making fusion an equitable energy source.
There are two main pathways to achieving a terrestrial fusion reactor: Inertial Con nement Fusion
(ICF), where a small fuel pellet is ablatively compressed, most commonly by lasers, to reach condi-
tions where the fuel undergoes fusion on a very rapid timescale; and Magnetic Con nement Fusion
(MCPF), in which a fusing plasma is con ned with magnetic elds and energy may be extracted in a
more continuous manner. All the fusion experiments described in this thesis are MCF experiments.
Rapid early development of magnetic fusion schemes in the 1950s and 60s understandably led to
the expectation of its commercial deployment before the turn of the century. From a technical per-



CHAPTER 1. INTRODUCTION AND BACKGROUND Joe O. Allen

spective, the turbulent transport in increasingly high performance fusion plasmas is one of the main
factors in fusion's continually delayed realisation. The main reason from a non-technical perspective
is funding: the cost of fusion experiments has increased with size, which itself has increased to reach
greater fusion performance. The two major branches of MCF experiments are toroidal in geometry:
the tokamak has an axisymmetric magnetic eld, mainly composed of a number of identical coils
around the small circumference of the torus, while the poloidal eld is largely produced by current
driven in the plasma; and the stellarator, which creates poloidal con nement with a more compli-
cated arrangement of coils, negating the need for any, or a substantial, plasma current. Only fusion
experiments in tokamaks are considered hereafter.

ITER is a next generation fusion experiment backed by governments representing over half the
world's population. It will have approximately eight times the plasma volume of the Joint European
Torus (JET), the current world leader in fusion performance which has run shots with Q 0.7 [4],
where Q is the ratio of fusion power output to power input. ITER aims to sustain plasmas for
several minutes at Q 10, with the development of these high-performance scenarios beginning
in 2035 [5]. In the EUROfusion roadmap [6] to fusion energy ITER will be followed by DEMO,
a fusion reactor demonstrating commercial viability. These machines are so called “conventional'
aspect ratio machines. Aspect ratio is the ratio of major radius to minor radius. Spherical Tokamaks
(STs), characterised by lower aspect ratios (closer to unity) than conventional tokamaks, have been
developed in parallel and potentially o er a more compact, and consequently lower cost, route to
the realisation of commercial fusion energy.

1.3 Spherical Tokamaks

The research and development in this thesis is targeted for use on spherical tokamaks, speci cally
the Mega-Ampere Spherical Tokamak Upgrade (MAST-U) experiment in the UK [7], though it
is applicable to conventional aspect ratio tokamaks. Spherical tokamaks are a type of tokamak
characterised by a lower aspect ratio. This has the e ect of making the cross section more compact
and the torus pro le more spherical, enabling operation at higher plasma [8], the ratio of plasma

pressure,p, to magnetic pressure
— 2 oP.
‘B2

where ¢ is the permeability of free space. For fusion in tokamak® is kept high to improve the

(1.1)

frequency of fusion reactions, while magnetic eld strength,B, is usually kept low, as toroidal
magnets usually dominate the cost of a tokamak, making high operation preferable. The ratio

of a machine can be roughly thought of as its e ciency in converting magnetic energy into plasma
thermal energy. Spherical tokamaks have been operated at values of 30% [9]. Recently, the
spherical tokamak has gained popularity as a compact route to commercial fusion energy: see the
UKAEA's STEP project [10]. Machine parameters of MAST-U and its predecessor the Mega-
Ampere Spherical Tokamak (MAST) are compared in Table 1.1. Following the rough tradition in
experimental fusion nomenclature, MAST-U is a mostly new machine rather than a direct upgrade
of MAST.
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Parameter MAST MAST-Upgrade
Major radius [m] 0.85 0.85
Minor radius [m] 0.65 0.65
Plasma current [MA] 1.3 2.0

Core density [m 2] 5 1019 1 10%°
Magnetic eld at plasma centre [T] 0.52 0.75
Pulse length [s] 0.6 5

Table 1.1. A comparison of machine parameters from MAST [11] and MAST-
Upgrade [7].

1.4 The plasma edge and Hmode

SAMI-2 is a diagnostic which, as we will see, probes the tokamak plasma edge. Due to the high
temperature required to sustain fusion reactions, tokamaks contain some extreme gradients. The
tokamaks in Table 1.1 have poloidal radii on the order of one metre and their plasmas are surrounded
e ectively by a vacuum. Over this length the temperature falls from approximately ten million kelvin

to roughly zero, and the plasma density also drops to zero from  10?°°m 2 at the centre. Steep
gradients such as these are ideal for driving instabilities and turbulence, which degrade performance.

The high-con nement mode (Hmode) of tokamak operation was discovered in the 1980s [12],
whereby a transport barrier is formed at the edge upon su cient heating of the plasma. This
improves performance by increasing energy and particle con nement. The central plasma density
and temperature pro les are elevated by a steep edge pedestal with a narrow width usually between
1-2cm [13, 14]. The formation of this transport barrier is considered to be due to poloidal sheared
ows in the plasma edge [15, 16]. Transition from the baseline low-con nement mode (Lmode) to
Hmode mainly depends upon heating power surpassing a threshold; density must also be above a
certain level [15].

The steep edge gradients in Hmode produce a class of instability known as edge-localised modes
(ELMs) [17]. In future tokamaks, such as ITER, the energy released by the largest ELMs would
melt critical components in the rst wall and divertor [18, 19]; therefore, understanding the ELM
mechanism is likely to be necessary for the commercial realisation of magnetic fusion energy. The
largest ELMs are the result of coupling between a pressure gradient driven mode and an edge
current density driven mode, the peeling-ballooning mode [20]. The stability of an H-mode plasma
to ELMs is therefore dependent on the edge pressure gradient and the edge current density. A
simpli ed diagram of the stable and unstable regions against the pressure gradient and current
density is shown in gure 1.1. The largest ELMs are typically triggered after both quantities build
up (solid arrow) and breach the stable region, causing a relaxation in these parameters, shown by
the dotted arrow.

High-resolution Thomson scattering is widely used to make measurements of the edge pressure
gradient [21 24], while the edge current density is under-diagnosed. It is a di cult measurement to
make due to the transient, narrow edge pedestal region in Hmode where ELMs occur. Some diag-
nostic methods have been employed to measure the edge current density, described in section 1.11.4,
but each has its limitations. In the model of the peeling-ballooning mode [25] the edge current den-
sity is partly calculated from the edge pressure gradient. To strengthen the understanding of ELM
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Figure 1.1: Cartoon schematic diagram of peeling and ballooning stability region
over edge density gradient-edge current density space. A typical ELM cycle is
shown by the arrows.

physics by further constraining the coupled peeling-ballooning model, independent measurements
of the edge current density are needed.

1.5 Microwaves in tokamaks

Radiation in the microwave frequency range is used by SAMI-2 to probe the plasma, both actively
and passively. Microwaves see many uses in tokamak experiments, from other diagnostics [26] to
heating and current drive [27] (including instability control [28]). Tokamak magnetic eld pro-

les generally lead to density cut-o s in the microwave frequency range, allowing probing with
microwaves by measurement of re ected beams (re ectometry) and backscattered beams (DBS).
Density measurements using interferometry can be performed with a frequency above cut-o . Pas-
sive measurement of electron cyclotron emission (ECE), plasma thermal emission, or its harmonics,
a ords data from which the plasma electron temperature can be calculated. Microwave diagnostic
front-ends may be made of the same materials as the vessel wall, making them resistant to neutron
damage. Their sensitive electronics may be placed far from the plasma, connected to their launcher
via waveguides. These characteristics make microwave diagnostics suitable for use in reactors [29,
30], where they will be able to survive the high neutron ux.

High power microwave beams can be used for heating and current drive through interaction
of the wave with the electron cyclotron resonance. Electron cyclotron (EC) waves propagate in
vacuum, e ciently couple at the plasma edge and may be transmitted in a narrow beam. As a
result, the EC launcher may be situated far from the plasma and is protected. Waveguides used
to transmit the beams to the vessel encompass small solid angles and may be made from materials
resistant to neutron damage. Beam steering, to alter deposition location, can be achieved using
mechanical components far from the plasma and protected from high neutron uxes. The gyrotron
power supplies can also be safely located a long way from the torus. These factors are valuable
for heating systems used in future reactors [31]. Neutral beam injection (NBI) for heating and
current drive is a good but short term solution to reach a unity Q value. Due to its size, power
requirements and need to be located near the vessel, NBI cannot scale to a reactor. Similarly, the
long term utility of ion cyclotron resonance heating (ICRH) is limited by its low plasma coupling

4
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e ciency and dependence on large antennas situated close to the plasma (so the waves can tunnel
through the vacuum).

1.6 Propagation of electromagnetic waves in a plasma

In order to understand the active and passive microwave signals measured by SAMI-2, we need to
understand how they behave in magnetised plasmas. Many waves can exist and propagate in a
plasma, with di erent classi cations depending on various conditions such as temperature, density,
magnetic eld strength and frequency. Those pertinent to this thesis are electromagnetic (EM)
waves propagating in a magnetised plasma, for which di erent subclasses arise depending on the
interaction between the background magnetic eld and the wave. A summary of these follows,
beginning with the derivation of the cold plasma dispersion relation and its form for propagation
perpendicular to the magnetic eld, before the more broadly applicable case for an arbitrary angle of
propagation. For a complete treatment of the physical background, assumptions and mathematical
derivations described here, see either of these superlative textbooks [32, 33].

We begin by treating a plasma as a quasi-neutral ionised gas, where ions are assumed to be
stationary relative to electrons and the plasma is cold. It turns out that O- and X-mode propaga-
tion (away from cut-o s and resonances) are well modelled by the cold plasma dispersion relation.
This means that the plasma response to the wave is well described by the conductivity tensor in
equation 1.10. The incident wave's wavelength is much smaller than spatial variation of the bulk
plasma parameters and its time period is much faster than any temporal variation of those param-
eters: i.e. the zeroth order quantities are homogeneous and static. Following these assumptions we
take Amgere's law,

4J,1¢_ 1@
C c@t c @t
and nd solutions for the rst order quantities of the form exp i(k r !t), wherek is the EM
wavevector. To enable this we nd the plasma current densityJ in terms of the electric eld E, by
considering the plasma as a dielectric medium containing curreni. We linearise (1.2) (using the
exponential form of solutions above) to nd an expression for the electric displacemerD,

(1.2)

D::E=E+4|—IJ; (1.3)

where~ is the dielectric tensor. We then neglect the ion velocity and adopt the cold plasma model,
in which the plasma particles all have the same velocity at each point in space, which allows us to
write

J= neeve= "~ E; (1.4)

whereng is the electron number density,e is the absolute value of the electron chargey. is the elec-
tron velocity and — is the conductivity tensor. It is this tensor we seek, to calculate the perturbations
in the plasma caused by the EM wave in three dimensions.

In this homogeneous plasma we consider a static, uniform magnetic eld oriented along the
z-axis (without loss of generality), making B = Bg2, and we aim for plane wave solutions. When

making the cold plasma approximation, we assumek- 1, that particle gyroradii are much
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smaller than the EM wavelength. Taking the Lorentz force equation,

mc(;—\iz gE+v B); (1.5)

and assuming exponential rst order perturbations of the form above, we reach the parallel and
perpendicular (in relation to the magnetic eld) perturbed velocity components:

ie
Y =¥z = WE}; (1.6)

ie ! 12
—[Exy i—Eyx] 1 -5 : (1.7)

Vo = Vyxy = mi

c
| 2

To save ink in further steps we de neX to be the dimensionless squared plasma frequency,

12 — Ne€”

- e - ]
P oMe

e
X = !—2; (1.8)

which is proportional to density and Y the dimensionless electron cyclotron frequency,

lee= —; Y = —; 1.9
ce mel ' ’ ( )
proportional to the magnetic eld, where ! is the frequency of the incident EM wave. Using these
shorthand forms and putting (1.6) and (1.7) into (1.4) we nd

3
I 1 0
== P ; iy 1 o & (1.10)
' 0 0 1 Y?2
which may then be used to calculate the dielectric tensor. Here we de ne the refractive index

n = ck=! (the dimensionless wavevector), the magnitude of which is the ratio of the vacuum speed
of light to the wave phase velocity. Maxwell's wave equation can then be written as

n (n E)+~ E=0; (1.11)
where™ = T+ ﬁ: whereT is the identity matrix. Upon inserting (1.10) into this relation we
can write 2 3

? [ Xy 0
== 9 Xy > 0%; (1.12)
0 0 K

where » =1 %5, = fvrand =1 X.
As we are interested in the propagation angle relative to the magnetic eld direction, labelled
, we de ne projections N, = N cos and N, = N sin and, without loss of generality, align the
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wavevectork in the (x;z) plane. Manipulating (1.11) we nd

80 10 1 9
n o > nsin nsin >
nn  n?l+ " E=>%) 0 2%) 0 K nZl+- E =0; (1.13)
" ncos ncos '
which combines to become
2 3
» n%cod i xy N2sin cos
=E=3 i, , N2 o £ E=o0: (1.14)
n2cos sin 0 K NnZsin?
Non-trivial solutions are found when det™ = 0 which leads to
An* Bn?+ C=0; where
A= 5sin® + ,co L.15)
B=(5+ &)sin® + » ,(1+cos® ) '
C= 5+ &
Solving for n? we reach
n2=B8_ D (1.16)
=~z _
whereD? = ( 3+ 3, )?sin® +4 22 cos . This result shows that generally there are

two di erent propagating modes with di erent n values and, consequently, di erent phase speeds.
We will now examine these modes in propagation parallel and perpendicular to the magnetic eld,
before giving a more general result for propagation at an arbitrary angle.

1.6.1 Parallel propagation

For incident waves travelling parallel to the magnetic eld, i.,e. =0 in (1.16), we nd that the
dispersion relation is
X
2 _ :
ng=1 -——: 1.17
k 1y (1.17)
To analyse the behaviour of these modes we look at limits ofi2. When n? | 1 I 0, as

n = ck=!, corresponding to a resonance at which the wave energy is absorbed by the plasma which
occurs at the cyclotron frequency! = ! .. Conversely, ifn?! 0 this occurs when !1 | meaning
that the wave is de ected at this cut-o location. Solving to nd these cut-o frequencies gives
l1p= 1c=2+ 12=4+17 the upper and lower density cut-0s. These two modes are right
and left circularly polarised waves, named the R and L modes. Finally, in? < 0 this denotes an
evanescent region in which the modes cannot freely propagate, but may tunnel through in certain
circumstances.

1.6.2 Perpendicular propagation

To ascertain the two dispersion relations for waves propagating perpendicular to the magnetic eld
we set = =2in (1.16) and reach the O- and X-mode dispersion relations for the positive and
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negative solutions, respectively:
ny=1 X (1.18)

2o (L2 B2 13
P 212412122

(1.19)

The Ordinary mode (O-mode) is linearly polarised with its electric eld aligned to the magnetic eld
direction, meaning it undergoes no interaction with the B- eld (in this cold plasma approximation)

and behaves the same as it would in an unmagnetised plasma. This mode has the same behaviour
as waves propagating in the parallel direction with no external magnetic eld, i.e. whenY ! 0,
leading to one cut-o at the plasma frequency. The eXtraordinary mode (X-mode) is elliptically
polarised with E ? B and a component of the E- eld parallel to the wavevectork, making it partly
transverse and partly longitudinal. X-mode waves have the same cut-o s as R and L waves, at; .,

and a resonance at = ! yy = (! 2+ ! 3)'™2, known as the upper hybrid frequency.

1.6.3 Arbitrary angle of propagation

More generally electromagnetic waves will travel at some angle relative to the magnetic eld, with
a dispersion relation known as the Appleton-Hartree relation [32, 34]. To reach this result, (1.16)
is expanded to

2(A B+ Q)
2 _
n“=1 A B D (1.20)
and the verbose expressions fok, B, C and D substituted in, which can be simpli ed to
2 _ 2X(1 X) (1.21)

21 X) YZ2sin?

where q
= Y4sin* +4(1 X)2Y2co? :

As the angle of propagation varies, the mode of the wave continuously changes. An initially pure
O-mode beam changes continuously to L-wave as its angle, relative to the magnetic eld, moves
from perpendicular to parallel. Similarly, X-mode can continuously morph into an R-wave, and vice
versa.

1.6.4 Waves in a hot plasma

So far we have only considered EM waves in a cold plasma, with no distribution of particle velocity
about the averaged velocity. Now we will brie y discuss the consequences of introducing a distribu-
tion of particle velocities, making the plasma hot. For the mathematical d