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ABSTRACT

Abstract

The thesis work aims at assessing the performance of the RFX-mod2 Plasma Position Re-
flectometry (PPR) system through both experimental and numerical procedures. Frequency-
Modulated Continuous Wave (FMCW) reflectometry is a well-established diagnostic tech-
nique [1] that enables the measurement of the plasma electron density profile by exploiting
its reflective properties on probing electromagnetic waves. Similar to Density Profile Reflec-
tometry (DPR), which relies on the full reconstruction of the density profile, PPR aims to probe
only its outer portion along various lines of sight (LoS) to provide accurate real-time control of
the plasma boundary inside the vessel. This technique, currently under development, is crucial
for monitoring plasma magnetic confinement and is being considered for future applications in
large fusion devices.
RFX-mod2 will benefit from an advanced PPR system involving four LoS. The upper, lower,
and low-field side (LFS) are equipped with standard reflectometric set-ups, including pyramidal
horn antennas and linear waveguides. The development and integration of a reflectometric sys-
tem for the high-field side (HFS) that can accurately measure the nanosecond-scale delay shifts
of reflected waves and reconstruct the position within a 1-cm target accuracy are the crucial
focuses of the present discussion. A complex system of hoghorn antennas and bent waveguides
is required to meet the severe spatial constraints imposed by the absence of a diagnostic port in
this section of the machine. At the same time, it is necessary to avoid power losses and internal
reflections as much as possible [2].
The purpose of the thesis is twofold: in the first part, the performance assessment of the
HFS LoS antennas and waveguides is experimentally carried out by exploiting a simple plane
metallic mirror configuration as a plasma surrogate. From the corresponding group delay mea-
surements, the actual effects of antennas and waveguides on the propagation of microwaves are
investigated, and the experimental results are compared with expectations. The second part,
instead, is dedicated to a numerical performance assessment of the same subsystem. The wave
propagation is simulated through the Finite-Difference Time-Domain (FDTD) REFMUL3 code
to investigate the effects introduced by the RFX-mod2 geometry and to obtain a comprehensive
description of the physics that occur within. Initially, the diagnostic performance is assessed
by replicating the mirror set-up, whose results are then compared with the experimental ones.
Finally, to investigate the system’s capability of measuring the RFX-mod2 edge density profile,
a set of expected RFP plasmas has been included in the simulations. As a main result, a good
accordance between experimental and numerical mirror reconstruction capabilities is found,
featuring a millimetre-scale accuracy well below the acceptable 1-cm one and demonstrating
the correct integration of the diagnostic into the simulated system, as well as the overall validity
of the current approach.

iii



ABSTRACT

iv



Contents

1 Introduction to Nuclear Fusion 1
1.1 Existing energy options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Nuclear fission: advantages and disadvantages . . . . . . . . . . . . . . . . . . . 2
1.3 Fusion energy as a promising alternative . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Fusion energy: state of the art and road map . . . . . . . . . . . . . . . . . . . . 8
1.5 The Padova contribution: RFP and the RFX-mod2 experiment . . . . . . . . . 10

1.5.1 RFP configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.5.2 RFX-mod2 outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.6 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Principles of Reflectometry 15
2.1 Basics of Plasma Two-fluid model . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.1 Plasma and gyro frequencies . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.1.2 Plasma Dynamical theory . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 EM waves in a magnetized uniform plasma . . . . . . . . . . . . . . . . . . . . . 18
2.3 Measurement principles of reflectometry . . . . . . . . . . . . . . . . . . . . . . 22

2.3.1 Profile reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Applications of reflectometry: DPR and PPR . . . . . . . . . . . . . . . 26

2.4 Reflectometry: set-up and detection principles . . . . . . . . . . . . . . . . . . . 27
2.4.1 Reflectometer set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.2 Detection techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.3 Group delay extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.4.4 Sources of error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.5 STFT and resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Theory of antennas and waveguides 35
3.1 Basics of Antenna theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.1 Circuit representation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1.2 Radiation pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.1.3 Field regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.1.4 Rectangular aperture antennas . . . . . . . . . . . . . . . . . . . . . . . 40

3.2 Modelling of Rectangular Waveguides . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.1 TE waves in rectangular waveguides . . . . . . . . . . . . . . . . . . . . . 43
3.2.2 TE1,0-mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4 Reflectometry at RFX-mod2 47
4.1 System overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 HFS subsystem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 HFS Antenna design and tests . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2.2 Waveguides design and tests . . . . . . . . . . . . . . . . . . . . . . . . . 50

v



CONTENTS

4.2.3 Machine integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3 Operational scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.1 Tokamak scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.2 RFP scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5 Experimental results 55
5.1 Overview of the experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2 Mirror position reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2.1 Dispersion subtraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.2.2 Method 1: calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.2.3 Method 2: differential analysis . . . . . . . . . . . . . . . . . . . . . . . . 68

5.3 Effect of antenna tilt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.4 Effect of incidence angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6 Numerical results 77
6.1 REFMUL3 basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.1.1 FDTD approach for REFMUL* EM simulation . . . . . . . . . . . . . . 78
6.1.2 Preliminary work: model implementation . . . . . . . . . . . . . . . . . . 80
6.1.3 Outputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2 Mirror simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.2.1 Effects of the simulation set-up . . . . . . . . . . . . . . . . . . . . . . . 87
6.2.2 Dispersion Subtraction and position reconstruction . . . . . . . . . . . . 90

6.3 Plasma simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.3.1 SHAx state manipulation . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.3.2 SHAx numerical implementation . . . . . . . . . . . . . . . . . . . . . . 97
6.3.3 SHAx simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.3.4 SHAx translation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.3.5 Profile reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

7 Discussion and final remarks 111
7.1 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.2 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

8 Conclusions and future perspectives 115

vi



Chapter 1

Introduction to Nuclear Fusion

It is well established that the standard of living in society is directly propor-
tional to the amount of energy employed to provide all the services and facilities
necessary for human development. Furthermore, it is also clear how energy con-
sumption has increased dramatically over the last few years [3]: the growth of the
world population, the increase in industrialization, and the high energy demand
in rapidly industrializing countries make the problem of energy procurement one
of the main challenges of the 21st century, as well as one of the major topics of
discussion in the international arena. A critical issue driving the supply problem
concerns the evidence that greenhouse gases (GHG) have a significant negative
impact on climate change; thus, energy sources that are not only affordable but
also clean, stable, and sustainable are the types of supplies that capture global
interest to ensure high living standards and reduce GHG emissions at the same
time.
Among the future options, nuclear fusion is one of the more promising; however,
it still must cope with several technical and engineering challenges that require
significant research work.

This chapter provides a standard introduction to nuclear fusion, starting with a
global overview of the current energy sources employed to address the consump-
tion problem (Section 1.1). It will be followed by a brief description of nuclear
technologies, from current nuclear fission (Section 1.2) to future nuclear fusion
(Section 1.3), and the respective advantages and limitations are specified. Section
1.4 provides more details on the current state-of-the-art of fusion technologies.
Finally, an in-depth description of nuclear fusion research in Padova can be found
in Section 1.5.
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

1.1 Existing energy options

The energy sources can be subdivided into three categories: fossil fuels, renewable
energy sources (RES) and nuclear fission. Globally, fossil fuels are still the most
commonly employed energy supplies, even though, in terms of sustainability, they
are obviously the worst choice when considering the limited natural reserves and
the high level of GHG emissions. It is thus necessary to include both renew-
ables and nuclear in the energy mix to meet the increasing energy demand while
achieving the environmental objectives necessary to cope with climate change.
As a matter of fact, the capital investments and political decisions are proceeding
towards this target, with an increasing share of low-emission sources (RES and
nuclear) recorded in the past five years and a further growth forecast by 2030
(Figure 1.1), where they are expected to cover 50% of electricity demand [4].
The main issues with RES are the non-uniform availability, the seasonal fluctua-
tions, and the strong dependence on external factors (both climatic and geopoliti-
cal), which make them random producers of electricity. There are two alternatives
to cope with this problem: the deployment of batteries and advanced storage sys-
tems, or the implementation of nuclear capacity as a backup to RES.

Figure 1.1: Global electricity generation by source from 2019 and forecast up to 2030 [4].

1.2 Nuclear fission: advantages and disadvantages

Nuclear fission is one of the alternative technologies of major interest globally for
stable and clean energy generation. Its contribution is still limited, with a global
share for electricity generation of about 8.9% in 2025, which is much lower than
that of fossil fuels and RES. However, nuclear generation is expected to increase
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

by an average of 2.8% over the forecast period, more than double the 1.3% rate
in 2021-2025 (Figure 1.1). The gain is related to the lifetime extension of some
existing plants and the realization of new plants, mainly in China and India.
Furthermore, the advent of new technologies such as Small Modular Reactors
(SMR) and Advanced Modular Reactors (AMR) has increased interest in nuclear
research and capital investment [4].
The main advantages of nuclear energy are thus listed.

• 1) Flexibility: it provides a continuous and flexible energy source.

• 2) Low emissions: it causes one of the lowest levels of GHG emissions
among all energy sources (Figure 1.2).

• 3) Energy density: uranium is one million times more energetically dense
than fossil fuels [5], thus requiring a lower volume (and hence land) for the
plants, a lower amount of uranium ore to extract and carry, and less waste.

• 4) Safety: it is one of the safest energy sources, causing the least number of
deaths (direct and indirect) per TWh of energy produced (Figure 1.2).

Together with these positive aspects, nuclear power has some disadvantages.

• 1) Scarcity: although convenient, nuclear fuel is not sustainable in the long
term. However, some advanced techniques and special mixed fuels that allow
for the recovery of part of the spent fuel are currently under study.

• 2) Waste: one of the major concerns of the nuclear industry is the mainte-
nance of the long-lived high-level radioactive isotopes that are produced by
the decay of fission products. However, several solutions to this problem have
been explored, from permanent storage to more sophisticated transmutation
and reprocessing techniques.

• 3) Cost: the complexity of the reactor and all the facilities required to handle
the radioactive products make a nuclear reactor an expensive investment.
The fuel accounts for only 5% of the total cost of electricity.

New technologies like SMR and AMR, along with new types of fuel, can improve
many of the weak aspects of the nuclear industry, achieving a lower level of waste,
increasing inherent safety and reducing the capital cost thanks to their smaller
dimensions, thus enhancing their short term competitiveness.
All things considered, the risks and challenges of producing energy by fission have
fostered the exploration of another nuclear process, namely the fusion reaction.
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

Figure 1.2: Number of death casualties (left) per energy source and global emissions (right) by each
source (g CO2/GWh) [6].

1.3 Fusion energy as a promising alternative

Nuclear energy production relies on the fission of heavy elements. An alternative
process that is under investigation is nuclear fusion, which, by contrast, involves
the merging of light nuclei into a heavier one and releases energy in the form of
the kinetic energy of the compound nucleus itself, plus other particles (such as
neutrons) produced during the reaction.

Since both nuclear reactions involve a change in the structure of the nuclei, they
provide an energy gain only when the nuclear binding energy of the final state
is higher than that of the initial state, implying a decrease in mass. Looking
at Figure 1.3, which displays the behaviour of the binding energy as a function
of the mass number [7], it is clear how fission is more likely to involve heavier
elements, while fusion occurs on the left side of the plot, exploiting lighter nuclei.
Although conceptually similar, fission and fusion are physically very different and
require specific conditions and precise set-up geometries to be triggered in the
proper way. Fission employs particular unstable isotopes, such as 235U , which
easily split after neutron bombardment, releasing energy and, on average, 2.4 fur-
ther neutrons that, in turn, can trigger additional reactions. This chain reaction
requires particular control systems to avoid reactor meltdown and a protective
layer (namely the containment vessel) to screen against accidental runaways.
On the contrary, fusion is much more challenging to realize. The only example of
spontaneously occurring nuclear fusion occurs in stars, so reproducing the physi-
cal conditions of such giants is really hard and sets many scientific and engineering
constraints. First of all, the fusion process is very rare compared to other types
of processes like elastic Rutherford scattering. Secondly, even if one manages to
create a beam of energetic particles and shoot it against a target to maximize
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

fusion probability, the energy required to accelerate such particles is far greater
than the energy obtained. To overcome this problem, scientists figured out that
a convenient way to generate a fusion reaction could be to exploit the properties
of plasmas. A plasma is an ionized gas that is heated to a temperature of about
150 million K, hotter even than the centre of the Sun, and kept at low pressure
(typical densities are ∼ 1020 particles per cubic meter). If this hot ionized gas
is well confined in a proper geometry for a sufficient time, then the ions have
the possibility of undergoing a fusion reaction without being lost due to elastic
collisions. The ultimate goal is to exploit part of the heat generated by fusion to
balance the power losses, thus reaching the so-called ignition condition where the
discharge is self-sustained and fusion continuously occurs. Satisfying the ignition
condition means achieving a sufficiently high value of the triple product of density,
confinement time and temperature (n · τE ·T ), which is one of the key parameters
in fusion research.

FUSION ->  

<- FISSION  

Figure 1.3: Nuclear binding energy per nucleon [7].

Table 1.1 lists a series of fusion fuels that have actually been employed in past
experiments. The criteria for choosing the best fuel rely not only on the energy
released but also on the fusion cross-section of the specific process in the specific
temperature operation range. Typically, such reactions involve hydrogen isotopes
like deuterium (D) and tritium (T), although sometimes helium isotopes are em-
ployed. From Figure 1.4, it is clear that the D-T fusion reaction is the most
prominent one, and in fact, 65% of worldwide fusion programs are focusing on
achieving fusion with D-T fuels [8].
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

Reactant 1 Reactant 2 Products
D D 3He (0.8 MeV) + n (2.45 MeV)
D D T (1.01 MeV) + p (3.02 MeV)
D T 4He (3.5 MeV) + n (14.1 MeV)
D 3He 4He (3.6 MeV) + p (14.7 MeV)
D 6Li 2 4He + 22.4 MeV
T T 4He + 2n + 11.3 MeV

3He T 4He + p + n + 12.1 MeV
3He T 4He (4.8 MeV) + D (9.5 MeV) + p (11.9 MeV)
3He T 4He (0.5 MeV) + n (1.9 MeV) + p (11.9 MeV)
3He 3He 4He + 2p + 12.86 MeV
3He 6Li 2 4He + p + 16.9 MeV
p 6Li 4He (1.7 MeV) +3 He (2.3 MeV)
p 11B 3 4He + 8.7 MeV

Table 1.1: List of nuclear fusion fuels that are actually employed in experiments [8].

Figure 1.4: Fusion cross-section for three different processes: D-D, D-T and D-3He.

All things considered, one might wonder what significant advantages make the
fusion challenge worth pursuing compared to fission. These are listed below.

• More energy per nucleon: the fission of 235U releases 206 MeV , which
corresponds to 0.88 MeV/A, while the D-T fusion outcome amounts to 3.52
MeV/A. In other words, one million tons of fossil fuels are equivalent to 0.8
tons of uranium and 0.14 tons of deuterium and tritium [5].
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

• Larger fuel reserves: deuterium is very abundant and can be easily ex-
tracted from seawater, while tritium is a radioactive element with a half-life
of 12 years. It is possible to produce tritium from lithium inside the blan-
ket that reacts with the neutrons generated by the fusion plasma until D-D
fusion becomes technologically viable.

• Less environmental impact: the fusion process produces neither GHG
emissions nor significant radioactive waste, thus requiring less stringent con-
tainment measures. The only harmful output relies on the neutron activated
structural materials, but their half-life is on the order of 100 years, much
shorter than fission waste. The overall radiotoxicity of the plant after shut-
down, shown in Figure 1.5, is thus well below the level of fission plants and,
in most cases, lower than coal plants [9].

• Safety: the nuclear fuel is continuously fed into the reactor at a rate such
that the density is low enough to maintain the plasma state. The very low
mass of fuel present in the reactor at any instant of time makes a meltdown
impossible.

Figure 1.5: Radiotoxicity after shutdown of various nuclear plants: a III generation PWR (Pressurized
Water Reactor), a IV generation MSFR (Molten Salt Fast Reactor) and six DEMO fusion plants [9].

Besides the clear advantages, there are still several engineering constraints that
must be addressed.

• Tritium breeding: the T isotope is rare and has a half-life of about 12
years. It is thus necessary to develop a method to breed T at the level of
the reactor walls by exploiting the large neutron fluxes. The feasibility of
tritium breeding in a dedicated structure (the so-called blanket) is one of the
main goals of fusion research (see Section 1.4).

• Large heat and particle fluxes: the D-T fusion process inside a reactor
releases a significant amount of neutrons and α particles. These are highly
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

energetic and can damage the surrounding structures, which can become
radioactive due to neutron activation. The study of low-activation materials
capable of withstanding large neutron fluxes is a key research topic in the
fusion framework.

• Energy and particle confinement: as already mentioned, the plasma
must be confined within the vacuum vessel for a sufficient time. This is done
by developing a suitable confinement mechanism (see Section 1.4). The in-
vestigation of new reactor configurations and operational regimes to improve
particle confinement is another crucial point to tackle within fusion research.

• Heating: a proper heating system needs to be developed to reach the work-
ing temperature. This is another non-trivial engineering task that requires
intensive work.

The overall fusion goal is quite complex and requires a major research and devel-
opment programme, as well as large capital investments.

1.4 Fusion energy: state of the art and road map

The combined requirement of confining a sufficient quantity of plasma for a suf-
ficiently long time at a sufficiently high temperature to achieve net fusion power
has been the focus of the World’s fusion research program for the past 70 years
(Figure 1.6a). Recently, the increasing number of public-private partnerships has
enhanced scientific research and industrial investment from companies concerned
with the economic viability of fusion energy [8]. As already stated, the main goal
is to achieve a steady state well-confined fusion plasma that is capable of produc-
ing a net energy gain. In fusion engineering, this is translated into the energy
gain Q factor (Figure 1.6b) defined as the ratio of power released to that injected;
clearly, the previously quoted ignition condition corresponds to Q −→ ∞.
Many different fusion concepts have been investigated throughout history and
are summarized in Figure 1.6a, reporting all the records of triple product values
reached by any configuration (until 6 October 2025 [10]). They can be subdivided
into three main categories: Magnetic Confinement Fusion (MCF), Inertial Con-
finement Fusion (ICF) and Magneto-Inertial Fusion (MIF).
Current statistics [11] show that among 146 fusion devices around the world, 59%
are actually in operation, 10% are under construction, and 31% are planned. One
third of the investments are funded by industrial companies, showing a growing
private involvement in the challenge and strong confidence in the market potential,
while the remaining two thirds are under public ownership. The most promising
and advanced concept is MCF, featuring significant involvement from all over the
World, especially from Europe. In Magnetic Confinement configurations, the par-
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

ticles are confined in an appropriate geometry thanks to the effect of a magnetic
field. A plasma is produced by heating a neutral gas to sufficiently high temper-
atures until it is fully ionised and the generated charged particles are trapped by
the Lorentz force. The choice of geometry, which is usually toroidal, is crucial in
determining the reactor steady state performance and stability. The main MCF
devices are Tokamak, Spheromak, Stellarator, and Reversed Field Pinch (RFP).

(a) (b)

Figure 1.6: (a) Triple products that set a record for a given concept versus achieving year (updated 6
October 2025). (b) Q-values reached vs year by various experiments [10].

The Tokamak (Figure 1.7) is the most popular configuration and exploits a
toroidally-symmetric chamber to confine the plasma. The magnetic field is he-
lically torn due to a combination of the external coils and the internal current
drive. Its spherical variant (spherical Tokamak or Spheromak) is also investi-
gated for its confinement properties. Among the future Tokamak experiments,
it is worth mentioning one of the greatest international experiments, namely the
International Thermonuclear Experimental Reactor (ITER). Under construction
in Cadarache (France), it is currently the largest Tokamak ever designed and
involves 35 different nations, including those in the European Union (which will
cover 45.6% of construction costs), China, India, Japan, South Korea, Russia, and
the US. Its primary objective is to investigate and demonstrate D-T plasma burn-
ing while reducing the relative contribution of external heating with respect to
alpha-particle self-heating, with a target Q of around 10 and a discharge flat-top
duration of around 400 seconds. Several other technical challenges are addressed,
such as the employment of auxiliary heating and superconducting coils (limita-
tions that were found in the previous largest machine, the Joint European Torus
(JET) experiment), the study of energetic particles, the characterisation of trans-
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

port phenomena, the demonstration of tritium breeding viability, the mitigation
of power exhaust on the divertor and many others.
The results gained from ITER will then bridge the gap towards a further step,
known as the DEMOnstration power plant (DEMO), which is expected to trans-
late the fusion experiment into electricity generation and thus pave the way for
the future commercialisation of power plants. DEMO is planned to be operational
by 2060, roughly 20 years after the high-power D-T burning operations carried
out at ITER (expected by the end of 2040), and will include tritium breeding for
fusion fuel, suitable materials for neutron handling, and safety and sustainability
requirements.

Figure 1.7: Scheme of the Tokamak configuration.

Although the Tokamak with D-T fuel is still considered the most established ex-
perimental fusion design, a growing interest in alternative configurations is being
recorded worldwide. The Stellarator is highly investigated for its complex coil
design that is capable of producing the magnetic field entirely without the need
to drive a current. Finally, the Reversed field pinch configuration (Section 1.5.1)
exploits the same Tokamak structure but works in a completely different regime.
Indeed, its high current drive and its peculiar magnetic equilibrium make the RFP
a valid alternative to the Tokamak thanks to its potentially improved confinement
properties.

1.5 The Padova contribution: RFP and the RFX-mod2
experiment

The research work on plasma physics and fusion energy in Padova started in 1958
with the first studies on plasma discharge and has always been largely dedicated
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

to RFP configuration experiments. A brief general outline of the latter is provided
in Section 1.5.1, followed by a more specific description of RFX-mod2 features and
improvements with respect to its previous versions (Section 1.5.2).

1.5.1 RFP configuration

The previously mentioned Tokamak plasma, the most utilized set-up for fusion
devices, exploits the toroidal shape of the vessel (Figure 1.7) to reach an axisym-
metric equilibrium (i.e., symmetric with respect to the toroidal angle ϕ), provided
by a low toroidal plasma current Ip and a high magnetic field. While the former
is limited by stability concerns, the latter must be high enough to ensure confine-
ment, even though it is limited by the external coils.

The challenge consists in reaching an equilibrium configuration where the mag-
netic field lines and the current density lines inside the plasma are organized
into a set of magnetic flux surfaces. The theoretical nature of these surfaces
relies on the so-called Magneto-HydroDynamic (MHD) picture, which, together
with Maxwell’s equations, provides an analytic description of plasma equilibrium.
Thanks to the axisymmetric nature of Tokamaks, it is enough to provide a de-
scription of such surfaces in the poloidal plane. One of the major concerns of
nuclear fusion is the capability of preserving such equilibrium for a sufficiently
long period. Particular attention is paid to a class of instabilities, namely MHD
instabilities, which might lead to fast discharge terminations, commonly known
as disruptions. The build-up of such instabilities poses a limit on the maximum
value of the plasma current in Tokamak discharges.

In this context, the RFP follows straightforwardly. The RFP configuration [12],
[13], alongside the Tokamak, is obtained in axisymmetric devices driving a toroidal
plasma current and a toroidal magnetic field. The main difference is that the
previously quoted limit of Ip is completely overcome, allowing several unstable
modes. This configuration, known as Multiple Helicity (MH) state, is not sta-
tionary: the unstable modes grow and saturate, leading to a loss of axisymmetry
and the reversal of the toroidal magnetic field at the edge (Figure 1.8a). At this
point, the magnetic field shows a peculiar tendency to self-organize into a helical
equilibrium with conserved beam-shaped magnetic flux surfaces (Figure 1.8b), in
which only one unstable mode is present. This theoretically predicted configura-
tion, defined as Single Helicity (SH) state, helps achieve fusion conditions with a
lower externally applied magnetic field, eliminating the need for a further heating
mechanism (other than the already present Ohmic one) and providing a general
improvement in confinement properties. From an experimental point of view, a
quasi -SH (namely QSH) has been obtained, with a single mode dominating over
the small (but still present) secondary ones and showing a double axis (DAx)
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CHAPTER 1. INTRODUCTION TO NUCLEAR FUSION

structure. Increasing Ip leads to an increasing persistence of the QSH, until the
spontaneous transition towards an even better configuration, known as Single
Helical Axis (SHAx) state, is observed.

(a) (b)

Figure 1.8: (a) Schematic picture of RFP configuration [14]. (b) Theoretical SH state flux surface in 3D
and in 2D poloidal plane [15].

1.5.2 RFX-mod2 outline

From 1970 to 1980, several experimental results were obtained by Eta-Beta I and
Eta-Beta II until Consorzio RFX was established in 1996. The name RFX is
inherited from the Reversed Field eXperiment realized in 1992, while its modified
version (RFX-mod) operated from 2004 to 2016. RFX-mod is a toroidal machine
that can operate both in Tokamak and RFP configurations, provided the plasma
current is properly adjusted. A further improvement of the machine is expected
to be completed by 2027, leading to the RFX-mod2 experiment.

The first evidence of the SHAx transition was obtained in RFX-mod [12], demon-
strating the validity of the theoretical predictions and paving the way for future
experiments. The investigation of low-q regimes, once considered prohibited for
the wide range of MHD resistive instabilities, has finally become feasible thanks
to a control system made up of both passive and active elements. The passive
stabilizing effect is provided by a copper shell placed around the vacuum vessel,
while the active system involves 192 saddle coils. The control of MHD instabili-
ties, especially when interacting with the first wall, enabled the setting of Ip values
up to 2 MA (SHAx is observed at Ip > 1 MA). The peculiarity of RFX-mod was
its ability to operate also in Tokamak configuration if Ip < 150 kA.
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Figure 1.9: Schematic view of RFX-mod2 [16].

The design of the forthcoming RFX-mod2 [16] involves a general improvement
of the machine parameters in order to confirm the RFP configuration as a valid
choice. Due to the higher level of instabilities and the absence of a divertor, the
first wall is made of graphite tiles in order to absorb the outgoing energy and
particle flux arising from transport losses. Unlike RFX-mod, the resistive vacuum
chamber has been removed, making the plasma closer to the copper passive stabi-
lizing shell and thus reducing the overall resistivity of the structure. The decrease
in the shell-plasma proximity (Figure 1.10) will ensure several advantages.

1. Reduction of plasma wall interaction.

2. Lower magnetic chaos.

3. Reduction of localized power deposition.

4. Improvement of the self-organized helical plasma regime.

Figure 1.10: Schematic picture of the field proximity. A comparison between RFX-mod and RFX-mod2
is presented [16].
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The shell is thus suitably modified to directly support the graphite wall and it is
enclosed in the new vacuum vessel, which, in turn, corresponds to the previous
RFX-mod toroidal support structure. Finally, the last feature that makes RFX-
mod2 more reliable is the sophisticated system of diagnostics, which ensures a
high degree of control of plasma and magnetic field properties. Several efforts
were dedicated to the development of magnetic sensors, interferometric systems,
and spectroscopic apparatuses.

Among these, RFX-mod2 will be equipped with an advanced reflectometric sys-
tem. Microwave reflectometry [1] is a widely employed diagnostic that exploits
the reflection of microwaves against the plasma to reconstruct its density profile.
Besides this application, which will be referred to as Density Profile Reflectometry
(DPR), a further application concerns the use of a more sophisticated set-up de-
signed for plasma position control purposes. The Plasma Position Reflectometry
(PPR) technique is gathering growing interest in fusion applications and will be
intensively investigated through the RFX-mod2 system.

1.6 Structure of the thesis

The main focus of the thesis is a characterisation of the PPR apparatus by means
of experimental and numerical results to assess its quality in the most compre-
hensive way. A general introduction on reflectometry can be found in Chapter 2
from a physical and practical point of view, followed by an overview of the main
components of a reflectometric set-up (antennas and waveguides) in Chapter 3.
Chapter 4 is instead focused on RFX-mod2 and provides an in-depth description
of its High-Field Side (HFS) equatorial plane subsystem, which features the most
complex layout. A general summary of previous tests and experiments can be
found, together with a brief description of the main operational scenarios with
which PPR and DPR can be integrated. After these mainly descriptive chapters,
the core of the experimental and numerical work on this subsystem is described
in Chapters 5 and 6, respectively. The former provides an overview of the bench
tests that have been carried out, along with a description of the main experimen-
tal procedures to extract information and the most relevant experimental results.
The latter describes the numerical tools employed to integrate the HFS subsystem
and simulate a semi-realistic RFP scenario. Finally, Chapter 7 summarises and
discusses the results, comparing the numerical outputs to the previously obtained
experimental ones.
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Chapter 2

Principles of Reflectometry

Before starting the practical description of reflectometry, it is worth mentioning
some interesting properties of the matter under study, the plasma, and how it
behaves under the action of electromagnetic perturbations. The term plasma was
employed for the first time by Langmuir in 1928 to denote a collection of elec-
trons and ions held together in an overall charge-neutrality condition. The easiest
way to do that is to heat the gas to a sufficiently high temperature to allow the
electrons to break their energetic bonds. From this definition, it is clear that
the plasma cannot follow the same physical description as a neutral gas since
the long-range collective Coulomb interactions dominate over the single particle
contributions. The quasi-neutrality and the low-collisionality regime are re-
sponsible for many interesting properties, such as high electrical conductivity and
collectivity. The latter, together with the assumption of local thermodynamic
equilibrium, sets the basis of the plasma fluid model.

The following chapter is organised as follows: Section 2.1 introduces the previously
mentioned dynamical theory. The discussion then moves on to the propagation
of electromagnetic waves in a plasma (Section 2.2), which is the physical phe-
nomenon of interest for reflectometric applications. Section 2.3 exploits the latter
physical framework to introduce the measurement principle of reflectometry by
analytically extracting the density profile. Finally, Section 2.4 provides an over-
all description of the experimental detection and data processing techniques to
extract the most relevant information.

2.1 Basics of Plasma Two-fluid model

2.1.1 Plasma and gyro frequencies

A simplified dynamical description of a plasma requires specific assumptions that
depend on the physical phenomena of interest. In any case, it is worth identifying
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CHAPTER 2. PRINCIPLES OF REFLECTOMETRY

the characteristic temporal scales that regulate the dynamics of a particle. The
latter, being subject to EM fields, defines two characteristic motions: one related
to the electric field and one to the magnetic field.
The former temporal scale is defined by the inverse of the plasma frequency, and
it is associated with the motion of a charged particle under fast varying electric
fields:

ωp,s =

√
e2ns

msϵ0
(2.1)

Depending on the mass ms of the particle species s, it is clear how this parameter
differs for electrons and ions and quantifies the ability of each species to restore
quasi -neutrality after a fast charge displacement. Having much lower inertia,
electrons are certainly faster than ions, making the electronic plasma frequency
ωp,e = ωp the typical reference value. Physically, the plasma frequency can be
interpreted as the capability of shielding fast-varying AC fields: if the frequency
of the applied field is lower than ωp, the electrons have enough time to shield out
the field. Otherwise, if the field oscillates too rapidly, they can barely move before
the field has already changed sign, making shielding impossible. The transition
between these two regimes is exactly ωp.
The second temporal scale concerns the fast gyro motion of charged particles mov-
ing along a magnetic field line. From a simple calculation involving the Lorentz
force, the expression for the electron gyro (cyclotron) frequency follows:

ωc =
eB

me
(2.2)

2.1.2 Plasma Dynamical theory

To provide a description of the phenomena that occur in a plasma, it is necessary
to build a self-consistent model. The most accurate approach concerns the devel-
opment of a kinetic theory for plasma systems in a similar way to how it is done
for gases and fluids in general, involving an ensemble of N particles and defin-
ing the density of the ensemble points ρn(x1,u1...,xn,un, t) in the phase space.
The subtle point is that, unlike neutral gases, the long-range Coulomb interaction
plays a crucial role in this analysis, making the full problem very challenging. One
way to simplify this description is to neglect collisions between particles, yielding
the following equation:

∂f1
∂t

+ u1 · ∇x1
f1 +

F

m
· ∇u1

f1 = 0 (2.3)

which is known as Vlasov equation and f1 = f1(x1,u1, t) is the single particle
distribution function. Physically, this means taking into account only the av-
erage force acting on a particle that results from the smooth distribution of all
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the other particles. This is perfectly coherent with plasma behaviour, where low
collisionality and long-range collective interactions are the dominant effects. It
is necessary to develop a theoretical framework capable of describing all those
phenomena that are sufficiently fast to assume a collision-less approach. A smart
strategy is represented by the two-fluid model [17], which relies on subdividing
the medium of interest into a large number of fluid volume elements and averaging
the main physical microscopic quantities over the particles contained inside. This
procedure shifts the focus to the macroscopic properties of the fluid elements,
such as the average density n =

∫
fdu and the average velocity v =

∫
ufdu/n,

without the necessity of employing the microscopic distribution function to track
single particle motion. All things considered, only those phenomena that involve
high frequency perturbations, where collisions can be neglected and thermal equi-
librium is not significantly perturbed, and that primarily affect the perpendicular
motion can be properly described by the two fluid model. In this frame, (2.3)
holds for both electrons and ions. Taking the moments of the Vlasov equation
(i.e., multiplying both sides of (2.3) by a quantity χ(u) and integrating over the
velocity space):

χ = ms −→ ∂ns

∂t
+∇· (nsvs) = 0 (2.4)

χ = msus −→ msns

[
∂vs

∂t
+ (vs · ∇)vs)

]
= −∇ps + qsns (E+ vs ×B) (2.5)

where ps is the pressure and qs is the charge of the particle species s. Equation
(2.4) is known as continuity equation, while (2.5) is the momentum equation. A
third equation that relates pressure to density is required to achieve closure. For
the purpose of the thesis, the main application involves the propagation of E.M.
waves, whose speed is much greater than the thermal velocity of both electrons
and ions and the frequency of the induced perturbation is usually faster than
the plasma frequency, or at least of the same order. In this case, it is useful to
neglect the thermal motion of the particles by setting Ts = 0 and hence ps =
0, thus adopting the cold plasma approximation to describe the main physical
processes. Finally, to achieve a complete dynamical theory, it is necessary to
include Maxwell’s equations in the description:

∇ · E =
ρ

ϵ0
(Gauss’s Law) (2.6)

∇ ·B = 0 (Gauss’s Law for Magnetism) (2.7)

∇× E = −∂B

∂t
(Faraday’s Law) (2.8)

∇×B = µ0j+ µ0ϵ0
∂E

∂t
(Ampère-Maxwell Law) (2.9)
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2.2 EM waves in a magnetized uniform plasma

Once the theoretical framework has been set, the propagation of electro-magnetic
(EM) waves can be introduced [17], [18] . As already mentioned, the plasma is
a complex system of charged particles that can react under field perturbations,
restoring charge neutrality. Its two-fluid description relies, as stated, on two
main assumptions: the absence of collisions and local thermal equilibrium. It
is then possible to build a self-consistent description of the propagation of EM
waves, provided the frequency is high enough to neglect collisions and the intensity
is low enough to avoid causing significant perturbations, thus maintaining local
thermal equilibrium (a fundamental condition for (2.3)). Since c >> vth,e, vth,i,
the cold plasma approximation can be employed. The ion dynamics are thus
neglected (they are a sort of fixed background), while the electrons are treated in
the cold plasma approximation, with vanishing thermal velocity (pe = 0). Only
the perturbed motion induced by the wave is retained. This allows to neglect also
(2.4) since the density of the electrons is no longer an unknown in (2.5). The
motion of interest is only that induced by the wave as a perturbation over the
relatively slow thermal motion. In this framework, it is convenient to interpret
a generic quantity χ as the sum of a 0th order term χ0 which accounts for the
unperturbed dynamics and a 1st order term χ1 that encodes the perturbation.
It is then possible to write the density as n0 + n1 and let v1, E1 and B0 + B1

respectively denote the instantaneous velocity, the electric field and the magnetic
field. Linearizing (2.5), it is possible to get the following equation:

men0
∂v1

∂t
= −en0 (E1 + v1 ×B0) (2.10)

The linear perturbation theory described above and the assumption of a homo-
geneous, uniform plasma allow for the Fourier analysis of the perturbed quantity
of interest, for example:

E1(x, t) =
1

(2π)4

∫
E1(k, ω)e

i(k·x−ωt)d3kdω

where the linearity ensures that each Fourier mode behaves independently. In
particular, Ohm’s law holds between electric fields and currents Ohm’s law :

j1(k, ω) = σ(k, ω) · E1(k, ω) (2.11)

where σ is the electrical conductivity of the plasma. In the general case, it has a
tensorial shape since the medium can be anisotropic. It is shown below that this
is exactly the case of a magnetized plasma, since the presence of B0 breaks the
isotropy of the dynamics.
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Taking the z axis in the direction B0, equation (2.10) yields the following com-
ponents for a single Fourier mode:

−meiωv1,x = −eE1,x − eB0v1,y,

−meiωv1,y = −eE1,y + eB0v1,x,

−meiωv1,z = −eE1,z.

We may readily solve for v in terms of E:

v1,x =
−ie

ωme

1

1− ω2
c/ω

2

(
E1,x − i

ωc

ω
E1,y

)
,

v1,y =
−ie

ωme

1

1− ω2
c/ω

2

(
i
ωc

ω
E1,x + E1,y

)
, (2.12)

v1,z =
−ie

ωme
E1,z,

where the expression (2.2) for the cyclotron frequency ωc has been introduced. In
this cold plasma approximation, all electrons move alike, and the current density
is:

j = −en0v1 = σ · E1, (2.13)

where

σ =
in0e

2

meω
· 1

1− ω2
c/ω

2


1 −iωc/ω 0

iωc/ω 1 0

0 0 1− ω2
c/ω

2

 . (2.14)

This is the conductivity tensor we require. Now considering (2.8) and (2.9) in
their linearized form, for a single Fourier mode:

∇× E1 = iωB1 (2.15)
∇×B1 = µ0j− iµ0ϵ0ωE1 (2.16)

Substituting (2.12) into (2.16), it is possible to find:

∇×B1 = −iωµ0ϵ0ϵE1

where ϵ is the generic dielectric tensor defined as follows:

ϵ =

[
1+ i

σ

ϵ0ω

]
(2.17)

Expanding ∇×B1 with (2.15) and using the vectorial identity A× (B×C) =
B(A ·C)−C(A ·B): (

kk− k21+
ω2

c2
ϵ

)
· E1 = 0 (2.18)
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Now, equation (2.18) is a matrix equation that establishes the dispersion relation
between k and ω. This is obtained by setting the determinant to zero:

det

(
kk− k21+

ω2

c2
ϵ

)
= 0 (2.19)

The corresponding eigenvector, which represents the solution E1(k, ω) associated
with a particular eigenvalue, determines the characteristic polarization of the
wave.
This approach can be applied to any medium, provided the uniformity and linear-
ity, with the properties of the specific medium encoded into the dielectric tensor
(or equivalently the conductivity). A suitable form of σ is given by (2.14), so
everything is set to continue the analysis. First, it is convenient to write the
following quantities in a more schematic way:

X = ω2
p/ω

2, Y = ωc/ω, N = kc/ω.

where ωp is given by (2.1), ωc by (2.2) and N is the refractive index of the medium.
Substituting σ from (2.14) into (2.19) and defining k in a way such that it is fully
determined by the angle θ between k and B0||ẑ:

k = k · (0, sin θ, cos θ)

it is possible to write the full matrix equation as:

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−N 2 + 1− X

1− Y 2

iXY

1− Y 2
0

− iXY

1− Y 2
−N 2 cos2 θ + 1− X

1− Y 2
N 2 sin θ cos θ

0 N 2 sin θ cos θ −N 2 sin2 θ + 1−X

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

= 0

The final form of dispersion relation is a well-known result found by Appleton
(1927) and Hartree (1931) [19] while studying the propagation of radio waves in
the ionosphere:

N 2 = 1− X(1−X)

1−X − 1
2Y

2 sin2 θ ± [(12Y
2 sin2 θ)2 + (1−X)2Y 2 cos2 θ]1/2

. (2.20)
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that will be addressed as Appleton-Hartree formula for the refractive index in the
cold plasma approximation. From (2.20) it is clear how, given the frequency, there
exist two different solutions for N that correspond to two characteristic waves
propagating into the plasma. These are usually known as fast and slow waves
(with Nfast > Nslow) and the corresponding eigenvectors show polarization states
orthogonal to each other. For what concerns reflectometry, only the case with
θ = π

2 (perpendicular propagation), is of major interest. The two characteristic
waves are linearly polarized and the corresponding expressions for the refractive
index read:

N 2 =(1−X) O −Mode

N 2 =1− X(1−X)

1−X − Y 2
X −Mode

A brief explanation of the two modes is provided hereafter.

• Ordinary mode (O-Mode): Ex = Ey = 0. The wave is linearly polarized
along the z axis, and therefore the electrons oscillate parallel to the magnetic
field. Thus, the dispersion relation is independent of B0, which is the main
advantage of this mode (check Figure 2.1a).

• Extraordinary mode (X-Mode). The wave is linearly polarized in the x-y
plane, and thus the electron dynamics occur perpendicularly. The disper-
sion relation shows a clear dependence on the cyclotron frequency (in the Y
factor), which encodes the influence of the magnetic field (see Figure 2.1b).

Finally, it is worth discussing the basic assumption on which this entire analysis
has been built: the uniformity of the plasma. In practical cases, there exists
no plasma that is capable of satisfying this condition due to the high degree of
complexity of the system. On the other hand, neglecting uniformity leads to
the impossibility of performing a Fourier decomposition since a coupling between
different modes might arise (for example, consider a change in the refractive index
that can cause a partial reflection of the wave). A good compromise relies on the
idea that the properties of the plasma vary sufficiently slowly in space, ensuring
local uniformity. Putting this into mathematical formulas, the condition that
must be satisfied is:

|∇k|/ k << 1

i.e., the spatial variation of the wavevector has to be much lower than the mod-
ulus of the vector itself. In this context, there is locally a well defined k and
hence refractive index N that solves the homogeneous dispersion relation for a
given frequency, thus corresponding to the local values of the plasma parameters.
Therefore, the propagation of a wave along the direction x is not described by a
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single mode phase k ·x but rather by the sum of the phases that the wave acquires
while propagating due to the small variations of N along x:

E ≈ exp

(
i

∫
k · dx− ωt

)
(2.21)

This is a common approach for solving partial differential equations in slowly
varying media, known as the Wentzel-Kramers-Brillouin-Jeffreys (WKBJ) ap-
proximation. As will be mentioned in the next section, the relevant concept to
emphasize is the possibility of expressing the phase of the wave as:∫

k · dx =

∫
N(x)

ω

c
dx =

ω

c

∫
N(x)dx (2.22)

provided k||dx. This is the starting point of the reflectometric analysis.

(a)

(b)

Figure 2.1: Scheme of (a) O-mode and (b) X-mode wave propagation in a plasma with respect to the
magnetic field B0||ẑ.

2.3 Measurement principles of reflectometry

Once the theoretical framework is set, it is possible to carry on the discussion
by developing an analytical picture of reflectometry. The main principle is rather
simple: a wave with frequency ω is injected into the plasma and propagates inside;
if the frequency of the wave is properly chosen, it may reach a layer beyond which
N 2 becomes negative, and thus N is purely imaginary. In this situation, the wave
is evanescent and is reflected back (Figure 2.2). The measurement of this reflected
radiation provides interesting information about the ne, since the reflection occurs
in a point where the density of the plasma is high enough to make it optically
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thick. Such density value is known as cut-off density nc and it is directly related
to ω via the specific dispersion relation that holds locally in the plasma. Thus,
detecting the reflected wave means ensuring that anywhere inside the plasma
there must be a layer in which ne = nc(ω), but one might wonder whether it
is also possible to know where such a layer is located, thus reconstructing a full
density spatial profile ne(r). This is possible, as will be shown, by measuring
the phase delay of the reflected wave with respect to the incident one. More
specifically, it is the group delay that is the most appropriate observable employed
to reconstruct the profile. Considering that nc is a function of ω, a series of
frequencies must be applied to cover the largest possible range of density values
and reconstruct the widest portion of the profile, with each frequency providing
information about one density layer. For this reason, the most used technique is
the Frequency-Modulated Continuous Wave (FMCW) broadband reflectometry,
where the frequency continuously changes over an established range.

2.3.1 Profile reconstruction

The density profile reconstruction method [20] allows a full measurement of the
plasma density profile by means of reflectometry, provided the frequency range is
large enough. To perform this task, a simple 1-D slab geometry is assumed, as
shown in Figure 2.2, defining the direction of propagation of both the incident and
reflected waves as the coordinate r, the cut-off position as rc, and assuming the
density profile ne(r) (and hence the plasma frequency ωp(r)) varies along r. The
generic phase delay is denoted by φ, while the cut-off condition of vanishing N is
defined by the polarization of the propagating wave. Narrowing the analysis to
perpendicular propagation, it is worth distinguishing again between the ordinary
and extraordinary cases and identifying their cut-off conditions for propagation.

• O −Mode. The cut-off condition shows a dependence solely on the plasma
frequency:

N 2 =

(
1−

ω2
p

ω2

)
= 0 <=> ω = ωp (2.23)

which is directly translated into the condition ne = nc, where nc =
ωmeϵ0
e2 is

the cut-off density defined by (2.1).

• X −Mode. The cut-off condition is a function of a combination of density
and magnetic field:

N 2 = 1−
ω2
p

ω2 (1−
ω2
p

ω2 )

1− ω2
p

ω2 − ω2
c

ω2

= 0 <=> ω =
1

2

(√
ω2
c + 4ω2

p ± ωc

)
(2.24)

where the ± denotes the upper and lower X-mode cut-off frequencies.
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While the X-mode is much more difficult to figure out and requires numerical
inversion methods, from the O-mode propagation picture, it is already possible
to understand the core idea of reflectometry since the reflection occurs when the
density reaches the critical value nc, which, in turn, is completely determined by
the injecting wave.

Figure 2.2: Scheme of 1-D reflectometric measurement. The probing signal is reflected once the cut-off
position rc is reached (adapted from [20]).

Applying the WKBJ approximation for the phase delay (2.22) and assuming that
the density gradient is nearly constant near the reflection point, it is possible to
derive the analytic form of the phase delay by simply treating the reflecting layer
as a mirror.

φ =
2ω

c

∫ r1

rc

Ndr − π

2
(2.25)

where π
2 accounts for the reflection and r1 is the plasma edge (i.e., where the

wave is injected). (2.25) allows for the extraction of information only about an
average of the density values over the region [rc, r1]. However, as mentioned
before, it is worth combining the phase delay coming from a series of different
probing frequencies to obtain complete information about the profile. Suppose it
is possible to construct a function φ(ω) with a frequency that varies continuously
over a chosen range of interest. Differentiating (2.25) with respect to ω and
expressing N in the O-Mode configuration:

dφ

dω
=

2

c

∫ 0

ω

ωdωp√
ω2 − ω2

p

dr

dωp
=

2

c

∫ ∞

λ

λpdλp√
λ2
p − λ2

dr

dλp
(2.26)

where first the change of variable r −→ ωp and rc −→ ω is performed, and then
everything is expressed in terms of λ = 2πc/ω.
The problem now consists of recovering the actual information about the profile
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(i.e. dr
dλp

) from the measured quantity (i.e. dφ
dω). To do that, it is necessary to

introduce a mathematical method known as the Abel transform, which enables
the extraction of a quantity f(r) from its chordal integral through the plasma.
Looking at Figure 2.3 and assuming cylindrical symmetry (a property that many
plasmas share), the chordal integral is written as:

F (y) =

∫ B

A

f(r)dx = 2

∫ a

y

f(r)
rdr√
r2 − y2

(2.27)

The inversion procedure, performed by Abel in the nineteenth century, yields:

f(r) = −1

π

∫ a

r

dF

dy

dy√
y2 − r2

(2.28)

Figure 2.3: Chordal measurement in a cylinder [18].

In this specific case, it is possible to recognize in (2.26) the same structure as
(2.27) with F (y) −→ dφ

dω , f(r) −→ 1
c
dr
dλp

, y −→ λ, a −→ ∞, and r −→ λp, leading to the
following inversion:

rc(ω) = r1 −
c

π

∫ ω

0

dφ

dω′
dω′

√
ω2 − ω′2

(2.29)

It is clear now that in order to extract the cut-off position rc(ω) for a certain fre-
quency, the knowledge of the derivative of φ with respect to ω is required for all fre-
quencies less than ω. For this reason, the probing signal is a frequency-modulated
continuous wave (FMCW) spanning a certain frequency interval that depends
on the particular application of reflectometric measurements. This derivative is
precisely the group delay accumulated by the wave travelling across the plasma:

τg(ω) = 2

∫ r1

rc

1

vg(r)
dr = 2

∫ r1

rc

dk

dω
dr =

2

c

∫ r1

rc

d

dω
(ωN)dr =

dφ

dω
(2.30)
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where vg(r) is the group velocity of the wave packet. A one-to-one relationship
between the cut-off position rc and the cut-off density nc, both of which are
functions of ω ([rc(ω), nc(ω)]), is then established. In the case of DPR, a broad
spectrum of frequencies has to be swept in order to fully reconstruct the profile.

2.3.2 Applications of reflectometry: DPR and PPR

The DPR and PPR techniques rely on the same exact FMCW principle but exploit
two different approaches. DPR is the standard profile reconstruction approach and
employs a large bandwidth to reconstruct the profile as much as possible. PPR,
instead, is not designed to fully reconstruct the density profile but aims to achieve
real-time control of the plasma boundary by inferring the position and shape of
the Last Closed Flux Surface (LCFS), under the assumption of isodensity flux
surfaces [2]. The idea behind PPR is to exploit the measurement of solely the
edge portion of the profile (thus requiring a narrower range of frequencies with
respect to DPR) along a proper number of lines of sight and then reconstruct the
LCFS by means of numerical algorithms (Figure 2.4). In Tokamaks, the position
is usually determined with the knowledge of the separatrix density (i.e., the LCFS
for Tokamaks) provided by other diagnostics (such as interferometry) or obtained
directly through profile shape analysis. The O-mode is preferred due to the fact
that the profile reconstruction is independent of the magnetic field, while X-mode
allows for the reconstruction of the lower density portion of the profile, which is
not accessible by O-mode reflectometry.
The reason why PPR is gathering interest is the possibility of achieving control
of plasma position even in the presence of extreme environmental conditions due
to high neutron fluxes and long pulse duration, where the actual availability of
magnetic sensors is still a critical point and requires thinking about alternative
solutions that prove less sensitive [21], [22].
Besides these main aspects, PPR is widely appreciated for several other features:
the compact and non-invasive nature of the system, which consists of a set of
poloidally distributed antennas and waveguides, excellent temporal resolution
(∼ µs), good spatial accuracy (∼ cm) in position reconstruction, and minimal
demand in terms of access to the machine [21].

PPR has been initially tested on ASDEX-Upgrade [23], while a partial PPR sys-
tem is also being designed on DTT [24] in view of a full application on DEMO
[22], [25]. Despite the potential advantages of PPR, few open issues still remain
unsolved. Indeed, the LCFS reconstruction is far from trivial and requires precise
knowledge of edge plasma dynamics, usually obtained via complementary diagnos-
tic measurements. Moreover, the ideal situations in which PPR works properly
concern the perfect normal incidence of the probing wave on the flux surfaces.
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This condition is hardly realized close to the boundary due to the presence of sev-
eral MHD instabilities, which introduce local curvatures that might downgrade
the optimal performance of the reflectometric system.

Figure 2.4: Example of LCFS reconstruction (from [25]). The G3C algorithm integrates PPR measure-
ments from different LoS distributed in the poloidal plane (left) to reconstruct the LCFS (blue) on the
HFS and LFS (red dashed lines in the middle). A series of Plasma Equivalents Currents (orange dots) are
optimized to get a match between the magnetic flux and the reconstructed boundary (right) to reconstruct
the LCFS entirely (red dashed line).

2.4 Reflectometry: set-up and detection principles

Once the theoretical framework has been established and τg =
dφ
dω has been iden-

tified as the quantity of interest, it is worth developing a system to extract this
information from the reflected wave. A generic reflectometer is composed of a
microwave source (Section 2.4.1) that generates the FMCW and processes its
reflected counterpart, a transmission line with antennas (Section 3.1) and waveg-
uides (Section 3.2) to carry and collect the signal, and complementary hardware
and software components for data extraction and processing (Section 2.4.2 and
Chapter 5). Similar to radars, a reflectometer can exploit a single antenna that
works as both an emitter and receiver (monostatic configuration) or consist of a
system in which two antennas are employed separately (bistatic configuration).
The former is optimal for the ideal condition in which the plasma is perfectly
perpendicular to the probing direction and minimizes space occupation, while
the latter avoids the problem of internal reflections and can be employed in non-
optimal conditions by tuning the angle of emission of the two antennas.
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2.4.1 Reflectometer set-up

A generic reflectometric unit is shown in Figure 2.5 and is adapted to a bistatic
system. The probing modulated wave (usually referred to as TX) is generated by
the reflectometer and carried to the transmitting antenna. The sweeping proce-
dure is not run continuously; rather, it is externally controlled and synchronized
with the data acquisition system by means of a trigger signal. Once the latter is
provided, a Voltage Controlled Oscillator (VCO) generates a linear voltage ramp
that, in turn, linearly modulates the output signal frequency. The reflected sig-
nal (denoted as RX) is collected by the receiving terminal of the reflectometer
and mixed with a reference signal, which is a copy of TX. The final output con-
tains information about the corresponding phase shift and is thus fed to the Data
Acquisition System (DAQ) to be processed and analysed. The reference TX is
conveniently delayed to counterbalance the long path of the RX through waveg-
uides, antennas, and free-space and to avoid high beating frequencies (see Section
2.4.2) that might exceed the sampling rate of the DAQ.

Figure 2.5: block diagram of a generic reflectometric unit and its components [2].

2.4.2 Detection techniques

Two main detection schemes are employed: homodyne and heterodyne [26]. The
group delay is then extracted from the detected signal, as described in Section
2.4.3 [27]. Homodyne detection is based on measuring the cosine of the phase shift
between the emitted and injected waves. The experimental apparatus is shown
in Figure 2.6a for a bi-static configuration in which the reference probing signal
is denoted as:

STX(t) = ATX(t)cos[ϕTX(t)] (2.31)

where ϕTX(t) = ωt is its phase. The reflected signal, instead, is defined as:

SRX(t) = ARX(t)cos[ϕRX(t)] (2.32)
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with ϕRX(t) = ωt+φ(t). To extract the phase shift φ(t) from SRX , the reflected
signal is mixed with a copy of STX . A square-law mixer is thus employed to carry
out the product of the two signals, yielding:

Smix(t) = STX(t)·SRX(t) =
1

2
ATX(t)ARX(t)cos[φ(t)]+

1

2
ATX(t)ARX(t)cos[2ωt+φ(t)]

By applying a low-pass filter, the high frequency component is rejected, leaving
only information about the part proportional to Smix,LP ≃ cos[φ(t)]. This method
does not allow one to reconstruct the amplitude of the detected signal and provides
only information about the modulus of the phase, leaving the ambiguity of its sign.
To overcome these limitations, heterodyne detection enables the measurement
of the absolute amplitude and phase of the reflected signal. As pointed out in
Figure 2.6b, it introduces a third signal corresponding to a π/2-phase shifted
copy of STX(t). By employing two mixers and low-pass filtering both outputs, it
is possible to extract the I and Q signals:

I(t) =
1

2
ATX(t)ARX(t)cos[φ(t)]

Q(t) =
1

2
ATX(t)ARX(t)sin[φ(t)]

and the amplitude and phase of the reflected signal are defined (with ATX = 1):

ARX(t) = 2
√

I(t)2 +Q(t)2 (2.33)

φ(t) = arctan

(
Q(t)

I(t)

)
(2.34)

This method is usually implemented to increase the dynamic range of reflectome-
ter and the signal-to-noise (SNR) ratio.

(a) (b)

Figure 2.6: Scheme of (a) homodyne and (b) heterodyne bistatic apparatuses (adapted from [27]).
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2.4.3 Group delay extraction

The next step concerns the extraction of group delay from the measured phase
shift φ(t). As mentioned before, typical reflectometry applications involve the
use of a frequency sweep to cover the largest possible density range. The most
used technique is Frequency-Modulated Continuous Wave (FMCW) broadband
reflectometry, where the frequency continuously changes over an established range
[ωmin, ωmax] according to a linear temporal law:

ω(t) = ωmin + ks · t (2.35)

where ksw = ωmax−ωmin

Tsw
is defined as the sweeping rate and Tsw as the sweeping

time. Typical values of Tsw are around the µs scale, while the range of frequencies
spans between 102 and 103 GHz. The frequency ranges that are employed are
called microwave (MW) bands and are named according to the portion of the
MW spectrum they cover (some of them are reported in Table 2.1).
The generic expression for φ is given by (2.25) and depends on the spatial path
travelled by the wave and its specific propagation. A subtle point relies on the
fact that the emission and measurement times are not perfectly coincident: a
tiny delay, which corresponds to the group delay, develops, and the frequencies
associated with the two signals slightly differ according to (2.35), making the
expression of φ a complex function of the group delay. However, provided the
time-of-flight of each wave is much lower than Tsw, it is possible to approximately
associate amplitude, phase, and group delay to the same time t and hence to the
same instantaneous frequency of the sweep:

ϕRX(t) = ω(t− τg) · t+ φ(t) ≈ ω(t) · t+ φ(t) (2.36)

This simplification allows for establishing a direct correspondence between phase
and group delay for each instant of time t (or frequency ω):

φ(t) = ϕRX(t)− ϕTX(t) ≈ ω(t) · t+ φ(t)− ω(t) · t (2.37)

and thus, the group delay can be extracted as follows:

τg(t) =
∂φ(t)

∂ω
=

∂φ(t)

∂t
·
(
dω

dt

)−1

=
ωb(t)

ksw
(2.38)

where ωb(t) =
∂φ(t)
∂t is the instantaneous beating frequency of the output signal of

the mixer, regardless of the detection technique. While the heterodyne set-up al-
lows for the direct computation of the time derivative of the phase, the standard
procedure to extract the group delay within the homodyne method usually in-
volves the time-varying frequency distribution of the output filtered signal, using
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techniques such as the Sliding Fast Fourier Transform, where the instantaneous
beating frequency as a function of time (or equivalently, the probing frequency ω)
can be computed (see Section 2.4.5).

At this point, the measured group delay τg,m is the result of many contributions
introduced by the microwave circuit (waveguides, antennas, delay line, cables,
etc.) and by the experimental conditions (the distance between the mouth of
the antenna and the first wall, the plasma-wall distance, etc.). The inversion
procedure is numerically implemented once the contributions of the circuit τg,c
are subtracted, leaving only the actual physical delay:

τg = τg,m − τg,c (2.39)

Usually, this is done by placing a reflecting mirror in front of the set-up in order
to subtract the unwanted component [27], as in Chapter 5 and 6. The distance of
the mirror must be well-known to correct for the group delay accumulated by the
wave in the portion of space comprised between the mirror and the antenna mouth.

Band Frequency range (GHz)

K 16-26.5

Ka 26.5-40

Q 33-50

U 40-60

V 50-75

W 75-110

Table 2.1: MW bands and their corresponding frequency range.

2.4.4 Sources of error

The description provided up to now is based on the picture described by the cold
plasma and the WKBJ approximations, where the plasma response is linear, the
wave propagates as a plane wave, and the profile is assumed to be one-dimensional
and monotonic. In reality, these conditions are not fully satisfied, leading to
unavoidable measurement errors. Possible sources of error [27] are listed below.

• Deviation from ideal propagation in the plasma: the curvature of
isodensity surfaces, the presence of turbulence and instabilities, and strong
density gradients with variable directions can seriously affect the propagation
of the waves and their probing efficiency.
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• Radiation pattern irregularities: the presence of secondary lobes, the
size of the beam, and its imperfect alignment with the magnetic field can
affect the probing beam (see Section 3.1 for more details).

• Plasma-wall reflections: the presence of the first wall can induce mul-
tiple reflections of the probing waves, resulting in a systematic shift of the
measured group delay that can be a multiple of the true value (Section 6.3.3).

• Inversion algorithm: the reconstruction of the cut-off position results from
the integral of the group delay value from ω = 0 up to the corresponding
cut-off frequency. In O-Mode configuration, the inversion algorithm requires
an initialization procedure since the minimum frequency of the lower band
defines the minimum measurable group delay. A non-optimal initialization
can lead to a significant error (Section 6.3.4).

• LoS geometry: the reference plasma position depends on the density profile
along the LoS of interest, which usually coincides with the probing beam
direction. However, the same measured group delay can provide different
position reconstructions depending on the chosen LoS.

The two quantities to monitor in order to assess the quality of a PPR system are
the position of the LCFS and the amplitude of the reflected signal. To validate
the latter, there is a further figure-of-merit defined as round-trip power loss :

PL = 20 · log10
(
ARX

ATX

)
(2.40)

This provides the power loss of the detected signal with respect to the probing one,
and it is thus useful for characterising the proper compatibility of the emitting
and receiving terminals, especially for bistatic systems.

2.4.5 STFT and resolution

One of the most useful tools for extracting and processing the group delay data
is the Short-Time Fourier Transform, which consists of a progressive FT spec-
trogram that provides an analysis of the frequency content of the data over the
sweep. The spectrogram allows us to extract an instantaneous beating frequency
and to check its evolution as a function of time. This picture can be substituted
by an equivalent one where the instantaneous group delay is evaluated from (2.38)
and the probing frequency is taken as a temporal reference provided by (2.35).
A set of spectrogram parameters must be introduced.

• fsamp: it is the sampling frequency of the signal and typically matches the
sampling rate of the acquisition system.
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• ws: it sets the number of points for the temporal window in which the FT is
performed. The choice of the size is a trade-off between frequency resolution
(high ws) and time resolution (low ws).

• wo: it is the overlap of the sliding window. The closer the overlap is to ws,
the better it smooths out the transitions between adjacent time slices in the
spectrogram.

• Nfft: it is the number of FT frequency points. It can be set higher than ws

to make the FT spectrum smoother.

On one hand, good frequency resolution is necessary for the τg extraction, but
having high time resolution allows for an increase in the number of segments
and thus in the number of measured group delays. Setting a high overlap is a
good strategy to increase time resolution, but it comes at the cost of increasing
computational time. Another common practice is to extract the measured beating
frequency (or group delay) within each segment by identifying the maximum peak,
since relying on a Gaussian fit would again introduce higher computational effort.
The necessity of keeping the latter low is justified by real-time applications where
fast data processing is preferred.
Figure 2.7 shows an example of an experimental spectrogram with fsamp = 1.25 ·
109 Hz, ws = 2500, wo = 2400, and Nfft = 25000. The blue dots are the maxima
of each FT spectrum.

Figure 2.7: Example of a spectrogram for a sweeping signal in a fixed dispersion-less mirror configuration.

The theoretical spatial resolution of the reflectometric measurement (i.e., the abil-
ity to separate two close targets) can be evaluated from the MW bandwidth B.
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For a full K band sweep (B = 10.5 GHz), the resolution is computed as [20]:

∆R =
c

2B
≃ 1.4 cm (2.41)

The accuracy of a reflectometric measurement can be much better than its res-
olution and depends on the signal to noise ratio of the detected signal. The
evaluation of the accuracy is the main focus of Chapter 5 and 6 where the STFT
is largely applied. As for Chapter 5, the spectrogram settings are those specified
in this section, so the previously defined resolution serves as a reference value for
the experimental characterization of the system.

34



Chapter 3

Theory of antennas and waveguides

As already mentioned in Section 2.4, the essence of any reflectometric diagnostic
measurement relies on the design and implementation of a suitable microwave
(MW) circuit to carry, launch, and collect the wave components. This is fulfilled
by a system of antennas and waveguides capable of transporting and directing the
MW sweeping beam towards the region of interest, thus acting as a transmission
line between the reflectometric unit and the target. Again, Section 2.4 points out
how these hardware components affect the final group delay measurement and
that having a comprehensive understanding of how the waves interact with them
is crucial for improving the quality of the diagnostic output.
For this reason, this chapter will introduce some relevant concepts concerning the
physical behaviour of antennas and waveguides. It does not aim to cover all the
complex aspects of the underlying theory but rather to discuss their impact on
the actual reflectometric analysis. Section 3.1 provides a few insights into antenna
theory [28], introducing the most relevant figures-of-merit and listing the overall
features of aperture antennas, a specific configuration employed for reflectometry.
Section 3.2 is instead focused on the characterisation of rectangular waveguides
[29] and provides interesting details about their effects on MW propagation.

3.1 Basics of Antenna theory

A definition of "antenna" is provided by Webster’s Dictionary as “a usually metal-
lic device (as a rod or wire) for radiating or receiving radio waves". It can thus
be interpreted, in the context of transmission lines, as a transitional structure
between free-space and a guiding device. The latter is employed to transfer elec-
tromagnetic energy either from the source to the antenna (transmitting antenna)
or all the way back from the antenna to the detector (receiving antenna).
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Figure 3.1: Scheme of a generic free-space transmitting antenna and its transmission line [28].

Figure 3.2: Transmission line Thevenin-equivalent of a generic free-space transmitting antenna [28].

3.1.1 Circuit representation

Figure 3.1 shows the generic scheme of a transmitting antenna set-up, including
all its components (source, transmission line, antenna), while Figure 3.2 depicts
the Thevenin-equivalent circuit of the same configuration.
Without entering into details, note that the antenna acts as a load for the trans-
mission line, featuring an impedance defined as ZA = (RL + Rr + jXA). This
gives a first interpretation of some practical physical effects.

• RL is the loss resistance that accounts for conduction (ec) and dielectric (ed)
losses associated with the antenna structure.
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• Rr and XA are the real and imaginary parts of ZA, with Rr representing the
emitted radiation and XA representing the reactance (i.e., the energy stored
in the reactive near field).

• Vg and Zg are the source voltage and impedance. A mismatch between the
load and the source impedances can lead to internal reflections (er).

The overall efficiency of the antenna is thus the product of the three previously
mentioned effects:

e0 = ecd · er (3.1)

where ecd = ec · ed. Tracking these effects is a relevant exercise for any reflecto-
metric measurement, making the choice of the bistatic system more suitable to
avoid spurious components.

3.1.2 Radiation pattern

The term Radiation pattern refers to the spatial distribution of the radiated en-
ergy, both in terms of E.M. field intensity (field pattern) and power (power pat-
tern). Figure 3.3 shows a generic field pattern generated by a transmitting an-
tenna. The typical structure of the emitted beam is composed of the so-called
radiation lobes. The major lobe defines the direction of maximum radiation and
indicates how directional the antenna behaves. A series of minor lobes is typically
observed together with the main one and must be minimized to avoid secondary
beam components towards undesired directions.

(a) (b)

Figure 3.3: (a) 2D polar visualization of lobes and beamwidths of an antenna field pattern. (b) 3D
Cartesian visualization of the same pattern [28].

The characterisation of the radiation pattern enables the extraction of several
figures-of-merit to assess the performance of the antenna. Three relevant concepts
are introduced.
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• Principal pattern: for a linearly polarized antenna, performance is often
described in terms of its principal E-plane and H-plane patterns. The E-plane
is defined as the plane containing the electric-field vector and the direction of
maximum radiation, while the magnetic field vector substitutes the electric
one for the H-plane definition.

Figure 3.4: E and H planes for a pyramidal horn antenna [28].

• Beamwidth: it is the angular separation between two identical points on
opposite sides of the major lobe. Typically, it is convenient to refer to the
Half-Power Beamwidth (HPBW), defined as the angular separation between
the two directions where the power is half its maximum value, or the First-
Null Beamwidth (FNBW), which is defined by the two first nulls of the same
pattern (see Figure 3.4). The beamwidth is an interesting property of the
antenna’s beam that characterizes its directional trend, the presence of side
lobes (the narrower the beam is, the greater they are) and its resolution
capability.

• Directivity: it is defined as the ratio of the intensity in a given direction to
the intensity averaged over all directions. When the direction is not specified,
it refers to the one in which the radiation intensity is maximum:

Dmax =
4πUmax

Prad
(3.2)

where Umax is the radiation intensity (i.e., power per unit solid angle) at
the maximum while Prad is the overall irradiated power. The directivity
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measures how concentrated the radiation is in a given direction and can be
approximately linked to the beamwidth according to the following relation-
ship:

D0 ≃
4π

θ1 · θ2
(3.3)

where θ1 and θ2 are the HPBWs in two perpendicular planes.

3.1.3 Field regions

The space surrounding the antenna can be subdivided into three main regions
(Figure 3.5):

1. Reactive near-field region: it coincides with the portion of space close to
the mouth of the antenna, where the reactive field dominates. It features a
spread pattern in which the main lobe structures are difficult to identify. In
terms of distance, it can be approximately confined within the radius:

R < R1 = 0.62

√
D3

λ
(3.4)

where D is the largest dimension of the antenna. It is thus necessary to avoid
performing measurements in this region.

2. Near-field (Fresnel) region: the pattern starts to gain its shape but con-
tinues to depend on the distance from the antenna. Its boundaries are esti-
mated by the following:

R1 < R < R2 = 2
D2

λ

In the case in which D > λ is not fulfilled, this region may not exist.

3. Far-field (Fraunhofer) region: the pattern here is independent of the
distance, and the fields here are completely transverse, meaning that the
radial components (Er and Hr) can be neglected and that the fields are
approximately described by the E-plane and H-plane. The lower limit of the
region is defined by:

R > R2 = 2
D2

λ
(3.5)

provided D > λ. The pattern is well defined, and the directivity is estab-
lished, thus making the far-field the most suitable region for any measure-
ment.

It is thus fundamental to ensure that the reflecting target is located in the antenna
far-field region to better exploit its directional properties.
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Figure 3.5: Visualization of the three regions of space with the corresponding pattern evolution [28].

3.1.4 Rectangular aperture antennas

As a conclusion to this introduction, a few more details about rectangular aperture
antennas are presented. A complete analytical description is rather complex and
requires a method to construct the equivalent current densities of the physical
situation (Huygens Principle [28], [29]). These are then employed to solve the
equivalent problem and compute the far-field radiation pattern.
In the case of a free-space rectangular aperture with dimensions a (H-plane) and
b (E-plane) with a > b, the pattern (Figure 3.6) shows a narrow peak structure
with a set of multiple lobes that appear when the aperture dimensions are greater
than λ. The number of lobes increases as the dimensions exceed λ, meaning that
a higher number is also expected for higher frequencies.

Figure 3.6: Visualization of the pattern for a free-space rectangular aperture [28].

The pattern of an aperture antenna depends on its design. A set of approximate
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figures-of-merit is reported to check the main parameters affecting the quality of
the probing beam.

• Beamwidth: the values of the beamwidth in both the E and H-planes are
inversely proportional to the aperture size and the frequency:

HPBW (◦) ∼

{
50.8
b λ E-plane

50.8
a λ H-plane

FNBW (◦) ∼

{
114.6
b λ E-plane

114.6
a λ H-plane

• Side lobe level: the level of the side lobe power with respect to the maxi-
mum can also be computed and amounts to:

SLL(dB) ∼

{
−13.26 E-plane
−13.26 H-plane

• Directivity: finally, the directivity of the beam is directly proportional to
the area of the aperture and on the frequency:

D0 ∼
4π

λ2
a · b (3.6)

To summarize these results in view of the reflectometric applications, it is im-
portant to stress that, for lower wave frequencies, a broader beam is expected,
featuring fewer minor lobes, while the opposite trend should be observed as fre-
quency increases

3.2 Modelling of Rectangular Waveguides

A comprehensive description of waveguide theory is necessary to understand the
nature of wave propagation within reflectometric applications. In particular, the
dispersive effects introduced by waveguides will seriously affect both the experi-
mental (Chapter 5) and numerical (Chapter 6) STFT spectrograms, making the
group delay extraction far from a trivial exercise.
The propagation of a wave through any guiding structure arises either from a
boundary condition on the E.M. fields of the wave itself or from some reflection
constraint at the guides’ edges. These conditions allow only a discrete set of waves,
called modes, to survive and propagate inside, featuring a dominant component
(i.e., the fundamental mode) that depends on the specific size of the guiding struc-
ture and the frequency band to be carried, and a set of minor components (i.e.,
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secondary modes) that might arise during propagation. The so-called mode con-
version is one of the main physical effects occurring inside a waveguide, especially
when the latter features bends and curved portions.

The general formulation of the guided wave problem starts from the solution of
Maxwell’s curl equations under specific boundary conditions. Assuming a plane
wave with a time harmonic form propagating in the z-axis direction:

E ∼ ej(ωt−βz) (3.7)

where jβ is the generic propagation constant1. Maxwell’s equations can be re-
duced by substituting (3.7), thus obtaining the Helmholtz equation [29] for phasor
fields:

∇2E = −k2E, ∇2H = −k2H

The three-dimensional ∇2 can be broken into two parts, one of which accounts
for the propagation direction and the other for the transverse dynamics:

∇2E = ∇2
tE+

∂2E

∂z2

With the assumed propagation function e−jβz in the axial direction, the system
of equations now reads:

∂2E

∂z2
= −β2E (3.8)

∇2
tE = −(k2 − β2)E (3.9)

∇2
tH = −(k2 − β2)H (3.10)

The usual procedure is to find two components of the fields (Ez and Hz) that
satisfy the wave equations (3.9) and (3.10) and the boundary conditions, and

1Note that, unlike Chapter 2, where the imaginary unit was denoted by i, the engineering convention j is
adopted here to be consistent with [28] and [29].
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then find the other field components by using Maxwell’s curl equations.

∇2
tEz = −k20Ez (3.11)

∇2
tHz = −k20Hz (3.12)

Ex =− 1

k20

(
jβ

∂Ez

∂x
+ jωµ

∂Hz

∂y

)
(3.13)

Ey =
1

k20

(
−jβ

∂Ez

∂y
+ jωµ

∂Hz

∂x

)
(3.14)

Hx =
1

k20

(
jωε

∂Ez

∂y
− jβ

∂Hz

∂x

)
(3.15)

Hy =− 1

k20

(
jωε

∂Ez

∂x
+ jβ

∂Hz

∂y

)
(3.16)

where k20 = k2 − β2 . The propagation constant β is a complex number encoding
both the actual wave propagation along z (Re(β)) and the attenuation (Im(β))
associated with conduction current losses across the dielectric medium and on the
metallic walls of the waveguide. Introducing the boundary conditions that the
waves must fulfil, it is possible to identify three main categories of propagating
modes:

Transverse E.M. modes (TEM) −→ Ez = Hz = 0

Transverse magnetic modes (TM) −→ Hz = 0

Transverse electric modes (TE) −→ Ez = 0

3.2.1 TE waves in rectangular waveguides

For the purposes of the thesis, the discussion will focus only on the TE modes
for rectangular waveguides, meaning that boundary conditions on 4 sides must be
included. The equation of interest (3.12) has a generic solution of the form:

Hz = [Asin(kxx) +Bcos(kxx)] · [Csin(kyy) +Dcos(kyy)] (3.17)

with k0 = k2x+k2y. The electric field components Ex = −jµω
k20

∂Hz

∂y and Ey =
jµω
k20

∂Hz

∂x

arising from (3.13) and (3.14) are subjected to specific boundary conditions, re-
quiring the former to be 0 at y = 0 and y = b, the latter at x = 0 and x = a,
according to the coordinate system in Figure 3.7a.

The expression for Hz thus reduces to:

Hz = Kcos(kxx)cos(kyy) (3.18)

43



CHAPTER 3. THEORY OF ANTENNAS AND WAVEGUIDES

(a) (b)

Figure 3.7: (a) Coordinate system for rectangular guide. (b) Scheme of the TE1,0-mode fields inside the
rectangular guide [29].

with K = B · D, kx = mπ
a and ky = nπ

b . The indices m and n introduce the
previously mentioned mode discretization, ensuring that only a discrete set of
waves, characterized by an integer couple (m,n), can survive inside a waveguide.
The corresponding electric and magnetic field components are thus listed:

Ex =
jωµky
k20m,n

K cos kxx sin kyy

Ey = −jωµkx
k20m,n

K sin kxx cos kyy

Hx =
jβkx
k20m,n

K sin kxx cos kyy

Hy =
jβky
k20m,n

K cos kxx sin kyy

where k0m,n
=
√(

mπ
a

)2
+
(
nπ

b

)2. The expression for k0m,n
= ω0m,n

√
µϵ allows

for the study of the propagation and attenuation inside the guiding structure.
Recovering the expression for β:

β = ω
√
µϵ

√
1−

ω2
0m,n

ω2
(3.19)

It is straightforward to check how this parameter is real when ω > ω0m,n
, thus

identifying ω0m,n
as the cut-off frequency for the (m,n)-mode:

ω0m,n
=

1
√
µϵ

√(
m
π

a

)2
+
(
n
π

b

)2
(3.20)

The condition for propagation requires the frequency of the wave to be greater
than the cut-off and is strictly dependent on the aperture sizes of the guide, thus
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enabling proper tuning of its dimensions to select any specific mode.
Finally, it is possible to derive the group velocity of the waves by exploiting the
expression for β:

vg(ω) =
dω

dβ
= v

√
1−

ω2
0m,n

ω2
(3.21)

where v = 1/
√
µϵ is the speed of light in a dielectric medium. The dependence

of vg on ω clearly indicates a dispersive effect of the guides on the waves propa-
gating inside, provided their velocity assumes a different value according to their
frequency. The corresponding group delay can be evaluated as:

τg(ω) =
dϕ

dω
= ∆z · dβ

dω
=

∆z

v
· 1√

1− ω2
0m,n

ω2

(3.22)

Equation (3.22) is a fundamental result of the present discussion and will be taken
as a reference to model the dispersion contribution in Chapters 5 and 6.

3.2.2 TE1,0-mode

The end of the chapter is dedicated to the discussion of the TE1,0 mode. This
is the fundamental mode typically employed in many cases, featuring the lowest
cut-off frequency achievable for a guide. By substituting m = 1 and n = 0 into
(3.20), one obtains:

ω01,0 =
π

a

1
√
µϵ

<=> λ = 2a (3.23)

In general applications, a waveguide is designed to host only the TE1,0-mode by
selecting an operating frequency band close enough to the cut-off. This strategy
ensures that only one mode can propagate, avoiding signal distortions caused
by multimode propagation and limiting the higher attenuation encountered at
increasing frequencies. On the other hand, it is also convenient to work not too
close to the cut-off to minimize dispersion as much as possible. The specific guide
design is the result of a trade-off between the necessity of avoiding higher-order
mode excitations and the effort of limiting the TE1,0-mode attenuation. On one
side, from (3.23) it is clear how ω01,0 depends only on the higher dimension of the
guide (a), while the lower one (b) can be made small enough to prevent any higher
order mode excitation by increasing the separation between TE1,0 and TE0,1 cut-
off frequencies (with the latter depending only on b, by symmetry). On the other
side, a larger attenuation is observed for small b/a ratios because of the high
ratio of surface to cross-sectional area. However, the latter is not excessive when
compared with other wave types in guides of similar size [29].
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The specific E.M. fields for TE1,0-mode are the following:

Hz = K cos kxx

Ey = −jωµK

kx
sin kxx

Hx =
jβK

kx
sin kxx

and the corresponding visualization is provided by Figure 3.7b. The electric field
is completely vertically polarized, while the magnetic field lies in horizontal planes
and surrounds the E-field lines.

The TE1,0-mode propagation inside rectangular waveguides is the standard ex-
perimental design employed in reflectometric applications. In this specific case,
RFX-mod2 will feature an advanced PPR system made of rectangular waveguides
and exploiting TE1,0 to obtain a vertically (or poloidally) polarized field to ensure
X-mode propagation inside the plasma. Understanding the physical nature of the
probing waves and how they are transported throughout the various sections of
the machine is of fundamental importance to provide a correct interpretation of
the extracted data, as will be made clear in Sections 5 and 6.
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Chapter 4

Reflectometry at RFX-mod2

The structural changes of RFX-mod2 depicted in Section 1.5.2 involve the design
of an advanced poloidally distributed reflectometric diagnostic consisting of both
DPR and PPR systems. In particular, the former is designed mainly for RFP sce-
narios, while the latter will be operated only in the Tokamak configuration. The
integration of the PPR turned out to be quite challenging due to severe constraints
linked to the design of the reflectometric system (antennas plus waveguides), es-
pecially in the High Field Side (HFS) region, where space is rather limited. In
this chapter, a description of the main aspects of RFX-mod2 reflectometry is pro-
vided, starting from an overview of the systems (Section 4.1), and then moving
to a more technical description of the HFS subsystem (Section 4.2), [2], [22], [30].
Finally, the possible applications under various operational scenarios are discussed
in Section 4.3 [2], [31].

4.1 System overview

A broadband O-mode reflectometric diagnostic has been implemented on the pre-
vious RFX-mod experiment [31], [22]. It consisted of an ultrafast sweeping re-
flectometric system with five bands (from 26.5 GHz to 110 GHz) covering a large
density range (≃ 9 · 1018 to ≃ 1.5 · 1020 m−3) and a homodyne detection scheme
(Section 2.4.2). It was designed to perform density measurements along a single
line of sight in the Low Field Side (LFS) equatorial plane to characterize the edge
plasma dynamics in RFP discharges and its relationship with the edge magnetic
topology. The forthcoming RFX-mod2 will instead be equipped with an advanced
system including both PPR and DPR. In particular, the PPR diagnostic, as shown
in Figure 4.1, will be installed in 4 different poloidal locations, two of which lie in
the vertical LoS (top and bottom), while the remaining two cover the two sides
of the equatorial plane (HFS and LFS). Each reflectometric system is built in a
bistatic configuration with two antennas that handle transmission and reception
separately. The top, bottom and LFS apparatuses feature standard pyramidal
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horn antennas, while the signal is delivered by a copper WR-42 linear waveguide
system. Table 4.1 summarises the main parameters of interest for the two set-
ups. The PPR system will exploit the K band upper X-Mode cut-off frequency
(2.24) to probe the edge portion of the density profile, from which the position
of the LCFS is reconstructed using some of the procedures introduced in Section
2.3.2. The DPR system will instead be located at the LFS and will operate from
K to U band in O-mode configuration to measure a larger portion of the density
profile. Although its application is mainly addressed to RFP scenarios, the DPR
can also be employed in X-mode in the same way as PPR by changing the plasma
configuration to Tokamak.

Figure 4.1: Scheme of the 4 reflectometric systems integrated in RFX-mod2 [22].

System Scenario Propagation mode Frequency range (GHz) Density range (1018 ·m−3)

DPR RFP O-mode 16 - 60 ≃ 3 - 45

PPR Tokamak X-mode 16 - 26.5 ≃ 0.5 - 3.5

Table 4.1: Summary of DPR and PPR parameters.

4.2 HFS subsystem

The highest complexity is found in the HFS region since, due to severe space
limitations, neither pyramidal antennas nor straight waveguides would fulfil the
machine integration constraints. Instead, the waveguides will enter the vacuum
vessel from the top port and will follow a curved trajectory along the toroidal

48



CHAPTER 4. REFLECTOMETRY AT RFX-MOD2

passive stabilizing shell. At the level of the inner mid-plane, two hoghorn antennas
with a parabolic reflecting surface are employed as the launcher and receiver,
ensuring a compact design and allowing for space optimization.
These constraints pose several complications and the system required a series of
verification tests to assess its proper performance.

4.2.1 HFS Antenna design and tests

The design of the HFS antennas is the result of meticulous work devoted to coping
with the limited available space while ensuring proper efficiency. Indeed, a Metal
Additive Manufacturing process (MAM) is necessary to realise a hoghorn design
that is compatible with the space constraints. In this specific case, stainless steel
antennas (AISI 316) are chosen, and further surface treatment (electropolishing
and rhodium/silver coating) is applied to reduce the surface roughness introduced
by the MAM. The specific design of the antenna has been chosen after a proper
analysis with the COMSOL Multiphysics Radio Frequency module [30]. Four early
versions of the hoghorn antennas were developed, and their radiation patterns
were characterised, along with the evaluation of the corresponding directivity.
The chosen prototype provided the most uniform and directional response in the
expected plasma boundary region (from 5-10 cm to 15-20 cm antenna-plasma
distance) as clearly shown in Figure 4.2.

(a) (b)

Figure 4.2: Results of antennas’ pattern analysis. (a) Radiation pattern for a 21 GHz wave. (b) Far-field
polar plot at various frequencies [30].

To further assess the performance of the hoghorn antenna, a set of preliminary
measurements has been performed [22], [32], employing both experimental bench
tests, numerical modelling using COMSOL, and theoretical calculations by means
of the Huygens principle. A discrepancy between theoretical and experimen-
tal/numerical results was found due to the partial limitation of the parabolic
reflector in tilting the radiation entirely. This led to interference effects between
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the reflected and unaltered components of the electromagnetic field. Despite this
limitation, an overall validation of the MAM antennas’ performance with respect
to the traditional ones was achieved.

4.2.2 Waveguides design and tests

As for waveguide manufacturing, there are three types of issues that might atten-
uate and downgrade signal delivery: ohmic losses, higher-order mode excitations,
and internal reflections [33]. While the first two are marginal for K band ap-
plications, for which neither higher order surviving modes nor relevant ohmic
dissipations are expected, the third effect is the main concern of the analysis
of [22]. The guide bending represents a delicate step, and its effects are far from
trivial and it might cause the rise of internal reflections due to the deformation of
the waveguide’s section. Figure 4.3 shows a comparison of the received signal re-
sulting from a straight waveguide prototype and that from two curved prototypes.
The signature of reflections is highlighted by the presence of periodic structures
in the received signal amplitude, as occurs for the WG-1 waveguide.

Figure 4.3: Signal received for different waveguide configurations [22].

4.2.3 Machine integration

The integration of the hoghorn antennas in the HFS subsystem requires the set-up
to cope with the limited available space, forcing the waveguides to be anchored
to one of the copper shell stiffening rings (Figure 4.4). The two antennas are
thus placed at a toroidal distance of 2∆ ≃ 13 cm, making them more susceptible
to possible performance downgrades under strong edge turbulence. To overcome

50



CHAPTER 4. REFLECTOMETRY AT RFX-MOD2

this issue, a reciprocal tilt angle θt ≃ 13◦ between them is introduced to improve
their relative coupling. For this reason, a specific twisting element (Figure 4.5) is
mounted between the antenna and the waveguide.

(a) (b)

Figure 4.4: HFS systems. (a) CAD scheme of the HFS waveguides and antennas [2]. (b) Picture of HFS
system mounted on RFX-mod2.

As a result of the tilt, the HFS LoS features a focal antenna-plasma distance
Lf ≃ 28.2 cm at which the coupling between the two antennas should be op-
timized. This is consistent with the expected Tokamak scenarios (Section 4.3.1)
where the separatrix of a D-shaped plasma is expected to be located at ≃ 20-25cm
from the first wall. The following Table 4.2 summarizes several technical features
of the machine and HFS subsystem. Given the impossibility of performing direct
measurements on the machine’s set-up, these values are gathered either from the-
oretical tabulated sources or from the RFX-mod2 CAD model (see Section 6.3.2)
using Autodesk Fusion (AF) measurement tools, and thus they are all reported
without uncertainty. The ones coming from the AF are indicated with the same
acronym inside Table 4.2. Of particular importance for the following chapters are
the height of the antennas’ LoS (zLoS) and the antenna-wall distance (dAW ), both
coming from AF.

4.3 Operational scenarios

The previously described advanced reflectometric set-up (Figure 4.1) will take
advantage of the extreme flexibility of RFX-mod2 for operating both in Tokamak
and RFP magnetic configurations. In particular, the PPR system is specifically
optimized to provide plasma position measurements in Tokamak operations [2],
while the DPR can be reliably operated in both types of discharge.
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Figure 4.5: Picture of the HFS components: antennas (red), twists (blue) and waveguides (green).

Component Value

Major radius R0 [22] ≃ 2 m

Minor radius a [22] ≃ 0.49 m

Distance of antennas 2∆ [22] ≃ 13 cm

Antenna a aperture Aa [AF] ≃ 39.8 mm

Antenna b aperture Ab [AF] ≃ 22.2 mm

Antennas near field (3.4) ≃ 3.8 cm− 4.6 cm

Antennas far field (3.5) ≃ 19 cm− 28 cm

Tilt angle θt [22] ≃ 13◦

Focal distance Lf ≃ 28.2 cm

Antenna-wall distance dAW [AF] ≃ 3.3 cm

LoS height zLoS [AF] ≃ 5.8 cm

Table 4.2: Various components and their measures.
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4.3.1 Tokamak scenarios

The Tokamak applications of RFX-mod2 can serve as a test framework for demon-
strating, on smaller scales, the applicability of reflectometry for horizontal and
vertical position control purposes [2]. It is thus necessary to investigate PPR per-
formance under non-ideal magnetic structures and obtain results that can address
some of the issues related to the development of a reflectometry-based plasma con-
trol and evaluate the robustness of this technique in a flexible environment. On
one hand, varying the plasma shape (Figure 4.6) affects the performance of the
PPR system in the upper and lower (X-point) regions, where the curvature of
the magnetic surfaces is more significant. On the other hand, the complexity and
additive manufacturing of the HFS system, which represent the main focus of the
previous section, pose several technical challenges that need to be tested further
involving real discharge applications. Finally, a calibration procedure is required
to account for several group delay contributions associated with the microwave
circuit, while the evaluation of separatrix position (Figure 4.7) requires more com-
prehensive information on the edge dynamics. These requirements can be made
more realistic by integrating the reflectometric measurements with additional edge
diagnostics available on RFX-mod2 to provide the best possible description of the
edge dynamics. For example, Thomson scattering can serve as a calibration tech-
nique for reflectometry, while interferometry can be employed for plasma position
control purposes, as in ASDEX-Upgrade [23].
These investigations will provide useful information in light of the similar prob-
lems that must be faced in future experiments, such as DTT and DEMO.

4.3.2 RFP scenarios

As concerns RFP applications, ultrafast sweeping reflectometry is crucial to in-
vestigate the mechanism that regulates the physics of the edge. The internal
transport barrier, the helical rotating structure, and the high level of fluctuations
characterizing an MH state can seriously affect the main edge physical phenom-
ena: plasma-wall interactions, impurity influx, and wall conditioning are some
of the several challenges for which fast control of the edge is strongly required.
To deal with this complexity, an ultrafast microwave reflectometer has already
been developed for RFX-mod [31], and the measurements with Ka-band have
been successfully obtained for the first time for an RFP plasma, paving the way
for future applications on RFX-mod2. In particular, the interplay between the
external m = 0 mode and the internal m = 1 mode during a QSH state can be
investigated (Figure 4.8a). DPR, through the O-mode broadband reflectometry
approach, is crucial for understanding the relationship between edge density dy-
namics and local magnetic topology and for identifying the global parameters that
regulate outer plasma behaviour (Figure 4.8b) and the persistence of QSH. This
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can be implemented in RFX-mod2 activities once the machine is operational.

(a) (b)

Figure 4.6: Examples of RFX-mod2 Tokamak scenarios with the corresponding separatrix and frequency
range: (a) circular plasma and (b) D-shaped plasma [2].

(a) (b)

Figure 4.7: Profile reconstruction for equatorial (blue) and vertical (green) LoS with the corresponding
frequency range and the evaluated equatorial separatrix for: (a) circular and (b) D-shaped plasma [2].

(a) (b)

Figure 4.8: (a) Time evolution of local edge magnetic topology featuring the plasma-wall distance dc
(black) the m = 0 displacement (red) and the m = 1 displacement (blue). (b) Average dc as a function of
the line-averaged density ne [31].
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Chapter 5

Experimental results

The work aims to demonstrate the system’s capability of reconstructing the po-
sition of a reflecting plane mirror by detecting the group delay accumulated by
the reflected wave with respect to the probing one (Section 2.3). Once the per-
formance is validated in this ideal configuration, the same analysis is carried out
under more unfavourable conditions to investigate the limitations of the reflecto-
metric measurement set-up and to characterize the main sources of error.
The chapter is thus organised as follows: after introducing the experimental set-
up (Section 5.1), the first part of the analysis is presented in Section 5.2. The
antenna-mirror distance is varied, and the corresponding position is reconstructed
to assess the linearity of the system’s response and characterise its accuracy. In
the second part, an analysis of the performance is carried out by investigating
the effect of the tilted geometry (Section 5.3) and by changing the mirror devia-
tion angle (Section 5.4) to look for possible downgrades due to the non-optimal
perpendicularity of the reflecting surface.

5.1 Overview of the experimental set-up

The experimental characterisation of the RFX-mod2 PPR system is performed
with a series of bench measurements. Figure 5.1 shows the experimental set-
up: the waveguides are held by a supporting structure (Figure 5.1a) to simulate
the spatial geometry of RFX-mod2, and a twisting element applied between the
waveguide and the antenna allows for the 13◦ tilting (Figure 5.1b). A metallic
mirror is placed in front of the antennas to simulate the reflecting behaviour of
the plasma.

The reflectometric unit (Section 2.4.1) follows the generic scheme reported in
Figure 2.5. The ends of the two waveguides are connected to the probing (TX)
and receiving (RX) ports of the LC Technology Sweep Reflectometer 0496 through
RF Cable Assembly SF104/11SMA/11SMA77A (Figure 5.2). The Putty software
installed on a computer allows for configuring the reflectometer through the Telnet
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(a) (b)

Figure 5.1: HFS subsystem mounted on the optical bench, reproducing the RFX-mod2 geometry: (a)
overall view showing the supporting structure that simulates the spatial layout of the machine; (b) close-up
of the two hoghorn antennas with the twisting elements introducing the 13° tilt.

protocol, setting an FMCW in the range [18, 26] GHz, corresponding to the
MW K band, and Tsw = 10 µs. The latter is mixed with the reference signal
and low-pass filtered to extract Smix,LP according to the homodyne detection
scheme (Section 2.4.2). The auxiliary components of the reflectometer set-up are
as follows.

• Pulse generator: it generates a ≃ 8 V square pulse with 100 µs of repe-
tition time and 10 µs of width that serves as the trigger for both the VCO
and the DAQ (Figure 5.3a).

• Picoscope 6000E series: it serves as the DAQ system for the mixer signal,
allowing data to be stored directly on the user’s computer thanks to the
Picoscope 7 Software and the pypicosdk Python library (Figure 5.3b).

• Delay line: it induces a 2 m delay in the reference signal (Figure 5.2b).

• Attenuator: it is applied to avoid saturating the voltage range of the mixer
(Figure 5.2b).

To test the response of the system at varying target–antenna distances L (and
therefore varying free-space round-trip group delay τg), the mirror apparatus
mounted on a translation stage (Figure 5.1a) is the best choice for providing
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(a) (b)

Figure 5.2: Reflectometer interface and trigger logic: (a) output port and trigger signal provided by
the Pulse Generator that synchronises the start of the FMCW sweep; (b) RF connection between the two
waveguide ends and the TX/RX ports of the LC Technology Sweep Reflectometer 0496 via the SF104 SMA
cable assembly; the delay line and attenuator are also indicated.

(a) (b)

Figure 5.3: (a) Pulse generator that generates the trigger synchronising the reflectometer’s sweep and
the DAQ. (b) Picoscope 6000E series for multichannel data processing.

an adjustable reflecting target for each wave of the sweep. This configuration can
thus prove very effective for testing the various components, checking for phys-
ical effects capable of downgrading its performance, and calibrating the whole
set-up. The experimental procedure (Section 5.2) consists in simply varying the
antenna-mirror distance and recording the change in the measured group delay,
thus simulating the shift of the plasma column in a hypothetical RFX-mod2 ideal
operational scenario. A linear correlation between the true position of the mirror
and the measured time is expected, and subsequent interpolation leads to a cali-
bration function (Section 5.2.2) that can be employed to reconstruct the position
of the mirror. The experimental apparatus is reported in Figure 5.4, while the
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design specifications in Table 5.1. The tilt has two important implications:

1. The effective path of the wave is not defined by the mirror-antenna distance
L, but occurs diagonally along Lc =

√
L2 +∆2 (see Figure 5.4).

2. The convergence of the lines of sight defines a focal distance Lf in which the
coupling of the two antennas is optimal (see Table 5.1).

It is reasonable to expect the best performance around Lf and an investigation
of this effect outside of the focus (Section 5.2.3) is needed.

Figure 5.4: Scheme of the bench mirror set-up: the two hoghorn antennas (separation 2∆ = 13.90 cm),
the twist elements producing the 13◦ tilt, and the mirror mounted on a translation stage allowing controlled
axial displacement L. The two LoS converge at the focal distance Lf ≃ (30.2± 0.1) cm (Table 5.1). The
diagonal optical path Lc =

√
(L2 +∆2) is also represented.

Component Value

Antennas separation 2∆ (13.90± 0.03) cm

Tilt angle θt (13± 1)◦

Focal distance Lf (30.2± 0.1) cm

Twist length ltw (8.00± 0.03) cm

Directional coupler length ldc (22.00± 0.03) cm

Cut-off frequency f0 14.051 GHz

Table 5.1: Geometrical and electrical parameters of the set-up reproducing the RFX-mod2 HFS subsystem.
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Once the various components are introduced, it is useful to evaluate the expected
group delay for the specific configuration. As already pointed out by (2.39), each
component of the circuit introduces a delay, so distinguishing the τg associated
with the free-space propagation between the antenna and the mirror is the cru-
cial task of this pre-analysis. Recalling Section 2.4.3, it is possible to build an
approximate model for the three main components contributing to the final φ(t).

• Mirror (Plasma) contribution: the free-space propagation is affected by
the presence of the plasma density layers. In this specific case, the plasma
density is modelled as a 1-D Heaviside step function, mimicking the presence
of one cut-off density layer that reflects all the probing waves:

ne(r) = ncΘ(r1 − rc − r) (5.1)

where the coordinates recall Figure 2.2. From (2.25), it follows that:

φmirr =
2ω

c

∫ r1

r1−Lc

√
1− nce2

meϵ0ω2
Θ(r1 − rc − r)dr − π =

2ωLc

c
− π (5.2)

which results in:
τg,mirr =

2Lc

c
(5.3)

thus recovering the expected free-space outcome for the mirror configuration.
Note that this time the reflection is represented by a π term, which accounts
for the hard reflection introduced by the 1-D Heaviside step discontinuity,
distinct from the π

2 phase term for the WKBJ model. However, no practical
consequences are found in the group delay term.

• Waveguides contribution: the long journey of the waves across the MW
circuit introduces a non-negligible group delay. While the behaviour of the
antennas is difficult to predict and hence omitted from the present discussion,
the dispersion effects on the propagation of TE1,0-mode inside the waveguides
have a well-known theory. Recalling equation (3.22), it is easy to show that:

τg,wg =
Lwg,1 + Lwg,2

c
√

1−
(
ω0

ω

)2 (5.4)

where ω0 = 2πf0, while Lwg,1 and Lwg,2 denote the lengths of waveguides 1
(the shortest) and 2 (the longest).

• Delay line and antenna contribution: the local reference signal is de-
layed, according to the reflectometer set-up, by making the wave travel a
distance of ≃ 2 m. Its exact contribution is difficult to establish, as in the
case of the antennas. Thus, a generic term L0 is introduced to address all
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the remaining effects:

τg,0 =
L0

c
(5.5)

L0 is identified as the "equivalent zero of the system" and is usually deter-
mined by the previously mentioned linear interpolation to perform a calibra-
tion of the system.

Taking into account all the terms, it is possible to develop a model of the expected
group delay as a function of the probing frequency:

τg =
|2Lc − L0|

c
+

Lwg,1 + Lwg,2

c
√

1−
(
ω0

ω

)2 (5.6)

Once the details and expectations for the experimental procedure are set, it is
possible to move on to the analysis and check the results.

5.2 Mirror position reconstruction

The first part of the analysis is dedicated to the validation of the system response
under different plane mirror configurations. In particular, the mirror is placed at
L ≃ Lf , and then its position is varied by a quantity ∆L = 1 cm (comparable
with the measurement resolution (2.41)) forward and backward from the starting
spot (from L ≈ 15 cm to L ≈ 35 cm). For each L, the Smix,LP from the mixer
is acquired by the DAQ, processed, and analysed to extract the corresponding
group delay. This series of operations is identified as a Run. A set of 20 Runs
is taken, corresponding to 20 different antenna-mirror distances and, hence, 20
different group delay measurements.

The starting operation of a Run involves the proper filtering of Smix,LP . As shown
by the example in Figure 5.5, which corresponds to the signal for the mirror almost
at Lf (Run 16 at L = (30.5±0.3) cm), the raw signal is significantly distorted by
several spurious reflections that the wave might experience when hitting nearby
metallic components. To solve this issue, it is sufficient to perform a background
run by simply removing the mirror (red plot in Figure 5.5) and subtracting it
from the raw component. The results are reported in Figure 5.6 and show much
more regularity.
Applying the STFT to the filtered signal (Figure 5.6) over time (with the settings
described in Section 2.4.5) enables the direct identification of the group delay.
Its trend is modelled by (5.6) and takes into account the dispersive effects of
the waveguides (Section 3.2) and the propagation of the wave through the MW
components (twists, antennas, delay line).
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Figure 5.5: Raw mixer signal Smix,LP for Run 16 (mirror at L = (30.5±0.3) cm, the closest approach to
the focal distance Lf ), shown together with the corresponding background trace acquired with the mirror
removed (red). The spurious oscillations in the raw signals are caused by reflections off nearby metallic
components and are removed by background subtraction (Figure 5.6).

Figure 5.6: Background-subtracted mixer signal Smix,LP for Run 16. The signal features a regular trend
throughout the 10 µs sweep and a slightly fluctuating amplitude.

An example of the spectrogram is reported in Figure 5.7 for the same Run 16.
The maxima distribution shows the typical dispersive trend of the group delay
as a function of the probing frequency (or time), demonstrating how the waves
travel faster at the beginning of the sweep. This introduces an intrinsic difficulty
in the τg extraction that cannot rely on an average but results in a more complex
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interpolation according to (5.6):

τg = A+
B√

1−
(
ω0

ω

)2 (5.7)

where A = |2Lc − L0|/c is the offset absorbing the non-dispersive contributions
of the directional coupler signal path, and B = (Lwg,1+Lwg,1)/c is the dispersion
amplitude proportional to the waveguides length.

Figure 5.7: Spectrogram of Smix,LP for Run 16 (mirror at L ≃ Lf ) with the complete microwave circuit.
The strong frequency dependence of τg reflects the TE10 dispersion of the waveguides of Eq. (5.6), with
higher-frequency waves travelling faster. The red curve is the fit of Eq. (5.7) used to model this dispersion.

5.2.1 Dispersion subtraction

Although the fitting function (red line in Figure 5.7) properly follows the mea-
sured τg points, its parameter A is not able to provide a reliable estimate of the
effective group delay induced by the free-space back and forth propagation. In-
deed, (5.7) is only an approximate function for the group delay and does not take
into account minor contributions associated with the propagation across the an-
tennas and cables.
For these reasons, the best strategy consists of isolating and removing the waveg-
uide spectrogram from that of the signal. To perform this task, a directional
coupler (Figure 5.8a) is employed. The working principle of a directional cou-
pler [34] is explained in Figure 5.8b: a series of holes placed at a distance of λ/4
(where λ is the characteristic wavelength of the propagating waves) connects the
primary waveguide (where the wave enters) to a secondary one and creates a copy

62



CHAPTER 5. EXPERIMENTAL RESULTS

of the signal itself. The specific structure of the holes defines a specific travelling
path for the secondary waves that makes them add in the forward direction (Port
4) and cancel out in the backward direction (Port 3). In this specific context, the
TX is connected to Port 1 and the RX to Port 3 (as shown in Figure 5.8a), while
Port 2 joins the directional coupler with the waveguide. If a mirror is placed at the
other extremity of the same waveguide, the signal returns, propagating through
it and reaching Port 2 for the second time. In this way, when the waves are sent
from the TX, nothing is detected by the RX terminal, and the wave just enters
the waveguide as usual. However, as the waves come back, the situation in Figure
5.8b is reversed, and the RX can detect them. The phase shift of the reflected
signal can be extracted and accounts for the waveguide contribution twice. By
repeating the procedure with the other waveguide, it is possible to obtain the two
spectrograms reported in Figure 5.9. A fitting procedure is performed by applying
(5.7) to the spectrogram points (red lines in Figure 5.9 and Table 5.2).

(a) (b)

Figure 5.8: Directional coupler scheme for isolating the dispersion contribution. (a) The unit as integrated
in the laboratory chain (TX −→ Port 1, RX −→ Port 3, waveguide −→ Port 2). (b) Working principle
(from [34]): λ/4-spaced holes between the primary and secondary guides cause forward-direction signals to
add constructively at Port 4 and to cancel at Port 3, while return signals couple to Port 3.

Waveguide A (ns) B (ns)

1 −6.10± 0.08 8.87± 0.06

2 −6.08± 0.08 9.63± 0.06

Table 5.2: Fit parameters of the dispersion function Eq. (5.7), for the two waveguides measured via the
directional coupler scheme (Figure 5.8). Parameter A is an offset absorbing the non-dispersive contributions
of the signal path; parameter B = 2Lwg/c is proportional to the doubled waveguide length.

Finally, the fitting functions can be subtracted from the spectrogram in Figure
5.7. Since the waveguides contribute twice, the fitting dispersion functions are
divided by two and summed. A further correction on τg is applied to account
for the dispersion introduced by the directional coupler, whose length ldc is not
negligible. The result of the subtraction procedure is reported in Figure 5.10 for
Run 16.
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(a) (b)

Figure 5.9: Spectrograms of (a) waveguide 1 and (b) waveguide 2, each acquired via the directional
coupler scheme (Figure 5.8). The red curves are the fits of the dispersion function (Eq. (5.7)) used to
characterise waveguide group delay contributions. The fitted parameters A and B are reported in Table 5.2.

Figure 5.10: Spectrogram of Smix,LP for Run 16 (mirror at L ≃ Lf ) after subtraction of the waveguide
dispersion contribution obtained from the directional-coupler measurements (Figure 5.9, Table 5.2). The
previously strong frequency dependence of τg (Figure 5.7) is now flattened to the constant baseline expected
for the free-space round trip and the residual antenna contribution. The red line denotes the average τg.

After the dispersion is subtracted, the spectrogram maxima in Figure 5.10 feature
a flat distribution, and each segment identifies the same τg; thus, a more precise
measurement can be extracted by simply averaging the instantaneous group delays
throughout the sweep (red line in Figure 5.10). This last piece of information
encodes only the physical free-space propagation of the reflected waves (from
(5.6)):

τg =
|2Lc − L0|

c
(5.8)
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where, again, L0 recalls the definition (5.5) and denotes the residual group de-
lay contributions. The latter includes the propagation across the antennas, which
cannot be isolated either with modelling or by means of experimental subtraction.

Two different approaches are employed to avoid the antennas contribution and
to identify the actual antenna-mirror group delay: the first one relies on the
calibration procedure of the system (Section 5.2.2) by exploiting the information
coming from the 20 Runs. The linear correlation between the mirror position and
the measured group delay, according to (5.8), enables the validation of the proper
response of the system, and the intercept of the linear fit provides information
on L0. This latter parameter can thus be employed to extract Lc, reconstruct
the mirror-antennas distance Lm and compare the measured positions with the
theoretical ones (Lth) by means of the corresponding accuracy δ = Lm−Lth. The
second method (Section 5.2.3) consists of the differential analysis of consecutive
Runs: by taking the differences of the reconstructed 2Lc − L0 for consecutive
mirror shifts, the L0 is subtracted away, and the measured variations ∆Lc,m can
be compared to the theoretical ones (∆Lc,th). A separation between the first
(≈ 15− 25) and the last (≈ 25− 35) 10 Runs is then provided to investigate the
accuracy of the system when moving away from the focal point. As a general note,
the subscripts m and th denote measured and theoretical quantities, respectively.

5.2.2 Method 1: calibration

The calibration procedure establishes a direct correlation between the antenna-
mirror distance and the measured group delay to validate the system’s response
and isolate the L0 contribution. This is done by employing the data from all
20 runs to ensure statistical validity. Each Run is associated with the nominal
mirror-antenna distance Lth measured by a standard meter. The uncertainty on
Lth is mainly affected by the imperfect identification of the antenna mouth, and it
is reasonable to suppose the existence of a systematic error ϵL that overwhelms the
meter’s millimetre-scale resolution. Because the antenna mouth is tilted at θt with
respect to the probing direction, its higher aperture spans a range Aa·sin(θt) along
that direction, creating ambiguity in the reference point at which the antenna
mouth starts. To determine an approximate value for this systematic contribution,
the previously mentioned projection of the antenna’s higher aperture over the
probing direction is taken, and the error is estimated as the standard deviation
of a uniform distribution over the latter:

ϵL =
Aa · sin(θt)√

12
≃ 3 mm (5.9)
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where Aa ≃ 39.8 mm is the antenna’s higher aperture (Table 4.2) and 1/
√
12

follows from the standard deviation of a uniform distribution of width W (σ =
W/

√
12). This uncertainty is then propagated to Lc =

√
L2 +∆2.

The correlation between Lc and τg is shown in Figure 5.11, while the results of the
fit are collected in Table 5.3. Since the uncertainties on the path lengths are larger
(≃ 1%) compared to those on the group delays (≃ 0.1%), the fit is performed
with Lc on the y-axis:

Lc = a · τg + b

where a = c/2 and b = L0/2. A brief discussion of the fit parameters is presented.

• The linear coefficient provides an estimate of the free-space speed of light
cexp = (3.02 ± 0.01) · 108 m/s, which can be compared to its actual value
to assess the quality of the linear fit. A discrepancy of ≃ 2.2 σ ensures
acceptable consistency of the measured trend with respect to the ideal one.

• L0 = (−34, 0 ± 0.3) cm encodes the additional path that the waves travel
across the two antennas. The length of the single antenna (which amounts
to ≃ 12 cm) can thus be roughly evaluated from the coefficient b, which
turns out to be quite reasonable if one considers that this estimate does not
include the specific propagation of waves inside the antenna.

• The reduced χ2 for 18 degrees of freedom (d.o.f) reported in Table 5.3 is
much less than its optimal value χ2 ≃ 1 and seems highly unreasonable. A
possible explanation relies on the overestimated position uncertainties, which
include the previously assumed systematics (5.9).

d.o.f a (cm/ns) b (cm) cexp (108m/s) L0 (cm) χ2

18 15.10± 0.05 −17.0± 0.1 3.02± 0.01 −34.0± 0.3 0.11

Table 5.3: Results of the linear calibration fit Lc = a · τg + b (Figure 5.11). The slope a yields the
experimental speed of light cexp = 2a while the intercept b corresponds to half the equivalent zero of the
system L0 = 2b. The reduced χ2 of 0.11 over 18 d.o.f. is marginal relative to the expected value of unity
and is discussed in the text together with the cexp vs c comparison.

Figure 5.12 displays the distribution of the discrepancies δ = Lm − Lth between
the measured (Lm) and theoretical (Lth) positions. Note that these are system-
atically below 0, indicating, as expected, the presence of a systematic error in the
theoretical length. The corresponding average δ̄ = (−0.32 ± 0.02) cm provides
an estimate of the systematic accuracy associated with the position reconstruc-
tion, proving to be consistent with the previously estimated ϵL from (5.9). The
standard deviation σδ ≃ 0.09 quantifies the average stochastic uncertainty on the
reconstructed position.
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Figure 5.11: Linear calibration fit Lc = a · τg + b applied to the 20 mirror runs . The slope a yields the
experimental free-space speed of light cexp; the intercept b corresponds to the equivalent zero of the system
L0 (Table 5.3). The reduced χ2 and the cexp vs c comparison are discussed in the text.

Figure 5.12: Distribution of the position-reconstruction errors δ = Lm−Lth over the 20 runs. The mean
δ̄ = (−0.32 ± 0.02) cm is an estimate of the residual systematic, consistent with ϵL of Eq. (5.9). The
spread σδ ≃ 0.09 cm quantifies the average stochastic uncertainty on the reconstructed position.

67



CHAPTER 5. EXPERIMENTAL RESULTS

σδ can be interpreted as the average error of the reconstruction procedure using
the calibration method. Its value, well below the 1 cm-target accuracy for re-
flectometry, is probably associated with several minor stochastic contributions,
such as mechanical vibrations of the set-up, pattern irregularities (broadening,
secondary lobes...), and small deviations from the ideal propagation path (the
reflection can occur in any point on the mirror, not only in its exact centre).

5.2.3 Method 2: differential analysis

A second approach consists in validating the system’s capability in recording a
series of consecutive 1 cm-shifts regardless of the initial mirror-antenna distance.
This differential analysis allows for the reconstruction of mirror displacement while
avoiding the systematic contribution encountered in Section 5.2.2, since it affects
consecutive measurements in the same way. Moreover, Runs 1-10 (set around
20 cm) are separated from Runs 11-20 (set around Lf) to check whether significant
differences are recorded when the distance from the focal position is considerable.
Tables 5.4 and 5.5 display the results for Runs 1-10 and Runs 11-20, respectively.

Runs ∆τg (ns) ∆Lc,th (cm) ∆Lc,m (cm) δ (cm)

1 −→ 2 0.055± 0.006 0.92± 0.04 0.83± 0.09 -0.09

2 −→ 3 0.070± 0.006 0.93± 0.04 1.06± 0.09 0.13

3 −→ 4 0.053± 0.007 0.93± 0.04 0.80± 0.10 -0.14

4 −→ 5 0.066± 0.006 0.94± 0.04 1.00± 0.10 0.06

5 −→ 6 0.053± 0.007 0.94± 0.04 0.79± 0.10 -0.16

6 −→ 7 0.066± 0.006 0.95± 0.04 0.99± 0.10 0.04

7 −→ 8 0.072± 0.006 0.95± 0.04 1.08± 0.09 0.12

8 −→ 9 0.062± 0.006 0.96± 0.04 0.93± 0.10 -0.03

9 −→ 10 0.065± 0.007 0.96± 0.04 0.98± 0.10 0.02

Table 5.4: Differential reconstruction of the consecutive mirror shifts for Run 1-10 (Lth ≃ 15 − 25 cm,
far from Lf ). For each consecutive pair of Runs the measured ∆τg, the expected ∆Lc,th from the meter,
the reconstructed ∆Lc,m and the discrepancy δ = ∆Lc,m −∆Lc,th are reported.

From Tables 5.4 and 5.5, most of the reconstructed position shifts ∆Lc,m are com-
patible with expectations ∆Lc,th within their 1 σ uncertainties (which derive from
the statistical spread of the spectrogram measurement). The two average values
δ̄ are consistent with zero, indicating no detectable systematic offset between the
two range sub-samples. The average stochastic errors σδ reported in Table 5.6 are
consistent with that of Section 5.2.2 and are well below the 1 cm-threshold, thus
demonstrating the reliability of the differential analysis, the local sensitivity of the
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Runs ∆τg (ns) ∆Lc,th (cm) ∆Lc,m (cm) δ (cm)

11 −→ 12 0.050± 0.007 0.97± 0.04 0.75± 0.11 -0.22

12 −→ 13 0.078± 0.007 0.97± 0.04 1.18± 0.10 0.21

13 −→ 14 0.063± 0.007 0.97± 0.04 0.95± 0.10 -0.02

14 −→ 15 0.058± 0.007 0.97± 0.04 0.87± 0.10 -0.11

15 −→ 16 0.061± 0.007 0.97± 0.04 0.91± 0.10 -0.07

16 −→ 17 0.061± 0.007 0.98± 0.04 0.91± 0.10 -0.07

17 −→ 18 0.068± 0.007 0.98± 0.04 1.02± 0.10 0.04

18 −→ 19 0.068± 0.007 0.98± 0.04 1.03± 0.10 0.05

19 −→ 20 0.061± 0.007 0.98± 0.04 0.92± 0.11 -0.06

Table 5.5: Differential reconstruction of the consecutive mirror shifts for Runs 11–20 (L ≃ 25 − 35 cm,
around Lf ). Columns as in Table 5.4.

Runs δ̄ (cm) σδ (cm)

1-10 −0.005± 0.033 0.11

11-20 −0.03± 0.04 0.12

Table 5.6: Mean discrepancy δ̄ and standard deviation σδ for the two ranges of mirror positions. Both
averages are consistent with zero within 1 σ, indicating no detectable systematic offset. The comparable
σδ values indicate that the focalisation effect on the stochastic reconstruction error is minimal.

set-up and the coherence of the two methods. Moreover, no significant differences
are found between the two cases (far and close to the focal point), showing the
minimal influence of focussing on position detection.

5.3 Effect of antenna tilt

A complementary analysis is dedicated to the characterisation of the effect intro-
duced by the tilt of the antennas. In this context, the waveguides are removed,
leaving only the mirror, the antennas and the delay line contributions. Two sets
of 10 data Runs are taken, as in Section 5.2: the former includes the twisting
elements, while the latter has the tilted configuration removed (Figure 5.13).
Since the waveguides are taken away, the dispersion does not affect wave prop-
agation (the twists introduce a slight dispersion that can be neglected in this
framework), and the group delay trend in the STFT (Figure 5.14) recalls (5.8).

The τg measurements are reported in Figure 5.15a and show good correlation
with the oblique mirror-antenna distance Lc, featuring a reversed sign due to the
presence of the delay line (the reference signal arrives after the RX). The results
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of the linear fits in Table 5.7 are consistent with the previous calibration (Section
5.2.2), and the same discussion can be made for cexp and the reduced χ2. No
significant discrepancies are found between the two configurations.

Figure 5.13: Schematic view of the two configuration employed to investigate the effect of the tilt: tilted
(left) and non-tilted (right) antenna-mirror set-ups.

(a) (b)

Figure 5.14: Spectrogram of the background-subtracted Smix,LP for Run 6 (L ≃ Lf ) in (a) the tilted
and (b) the non-tilted antenna configuration. The red line is the average group delay τg, extracted from
the per-segment peak maxima of the STFT. Both configurations recover essentially the same delay.

An evident difference is recorded, as expected, in the amplitude values, which
are significantly lower for the non-tilted configuration. A simple estimate of the
amplitude can be obtained by taking the average of |Smix,LP − S̄mix,LP |, where
S̄mix,LP denotes the mean output signal over time. Figure 5.15b shows the round-
trip power loss (from (2.40)) by comparing the detected average amplitude for the
non-tilted configuration with that for the tilted case at varying mirror positions.
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A significant power loss is thus recorded when the tilt is removed and is more ev-
ident at lower mirror-antenna distances, while it mitigates as the latter increases.

case d.o.f a (cm/ns) b (cm) cexp (108m/s) L0 (cm) χ2

tilt 8 −15.1± 0.1 55.2± 0.1 3.03± 0.02 110.5± 0.3 0.04

no tilt 8 −14.9± 0.1 55.0± 0.2 2.98± 0.03 110.0± 0.4 0.1

Table 5.7: Results of the linear calibration fit Lc = a ·τg+b for both the tilted and non-tilted configuration
(Figure 5.15a) as in Table 5.3.

(a) (b)

Figure 5.15: Comparison between tilted and non-tilted antenna configurations: (a) group delay linear
trend as in Figure 5.11 showing a good accordance between the two cases (Table 5.7); (b) round-trip power
loss Pnotilt/Ptilt evaluated with (2.40) of the non-tilted signal with respect to the tilted one.

Finally, the capability of the system in reconstructing the position is validated
for both configurations with the differential analysis (Section 5.2.3). The corre-
sponding ∆τg is affected only by the shift in the mirror position, with the L0

term of (5.8) being constant. The results are shown in Table 5.8 and 5.9 for
titled and non-tilted cases, respectively. The tables also display the discrepancy
δ = ∆Lc,m −∆Lc,th between the measured and expected shifts.

For both configurations, the reconstructed position shifts are all consistent with
expectations (within 1 σ). Table 5.10 provides a final comparison between the
two configurations by reporting the mean and the standard deviation of the δ
values over the Runs (δ̄ and σδ, respectively), leading to the same conclusions of
Section 5.2.3 and demonstrating again the marginal impact of the tilted structure
in ideal plane mirror reflectometric measurements.
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Runs ∆τg (ns) ∆Lc,th (cm) ∆Lc,m (cm) δ (cm)

1 −→ 2 0.064± 0.007 0.97± 0.04 0.97± 0.11 0.0002

2 −→ 3 0.059± 0.008 0.97± 0.04 0.89± 0.12 −0.08

3 −→ 4 0.064± 0.008 0.97± 0.04 0.97± 0.12 −0.004

4 −→ 5 0.071± 0.008 0.97± 0.04 1.07± 0.12 0.09

5 −→ 6 0.061± 0.008 0.97± 0.04 0.92± 0.12 −0.06

6 −→ 7 0.066± 0.009 0.98± 0.04 0.99± 0.13 0.01

7 −→ 8 0.061± 0.010 0.98± 0.04 0.92± 0.16 −0.06

8 −→ 9 0.070± 0.010 0.98± 0.04 1.06± 0.15 0.08

9 −→ 10 0.056± 0.010 0.98± 0.04 0.85± 0.14 −0.13

Table 5.8: Differential reconstruction of the consecutive mirror shifts (tilted case) as in Table 5.4.

Runs ∆τg (ns) ∆Lc,th (cm) ∆Lc,m (cm) δ (cm)

1 −→ 2 0.065± 0.008 0.97± 0.04 0.98± 0.11 0.01

2 −→ 3 0.056± 0.007 0.97± 0.04 0.98± 0.11 0.008

3 −→ 4 0.064± 0.008 0.97± 0.04 0.97± 0.12 −0.004

4 −→ 5 0.074± 0.010 0.97± 0.04 1.12± 0.14 0.14

5 −→ 6 0.066± 0.009 0.97± 0.04 1.00± 0.14 0.02

6 −→ 7 0.059± 0.009 0.98± 0.04 0.88± 0.13 −0.1

7 −→ 8 0.069± 0.010 0.98± 0.04 1.04± 0.14 0.06

8 −→ 9 0.063± 0.011 0.98± 0.04 0.84± 0.16 −0.04

9 −→ 10 0.056± 0.010 0.98± 0.04 0.84± 0.16 −0.14

Table 5.9: Differential reconstruction of the consecutive mirror shifts (non-tilted case) as in Table 5.4.

case δ̄ (cm) σδ (cm)

tilt −0.02± 0.02 0.07

no tilt −0.005± 0.027 0.08

Table 5.10: Final comparison between the tilted and non-tilted configurations, as in Table 5.6. The two
configurations are consistent within their uncertainties.

5.4 Effect of incidence angle

To further investigate the system performance, the mirror is designed to rotate
around its horizontal axis, mimicking the curvature of plasma isodensity surfaces
in the poloidal plane. The goal of this Section is to check the performance down-

72



CHAPTER 5. EXPERIMENTAL RESULTS

grade when the ideal condition of perfect orthogonality is lost (see Figure 5.16).
The system is mounted in its full version (Section 5.2) and the previous calibration
(Section 5.2.2) can be employed to identify the error in position reconstruction
due to the beam divergence for different mirror configurations.

(a) (b)

Figure 5.16: Inclined mirror configuration. (a) picture of the inclined mirror in the corresponding R− Z
poloidal coordinates (see Section 6.3) to simulate an irregular plasma shape. Sign convention: positive θ
when the upper half of the mirror rotates away from the antennas, negative when it rotates towards them.
(b) Example of an irregular plasma shape (negative triangularity single-null configuration [35], [36]) where
the plasma boundary does not fall orthogonally with respect to the PPR LoS.

A first analysis is carried out by keeping the mirror in a fixed position (Lth =
(30.1 ± 0.3) cm) and varying only the inclination with respect to its mid-plane
horizontal axis. The sign of the angle is positive when the upper half of the mirror
rotates "away" from the antennas and negative when it moves towards them.
Table 5.11 summarizes the results, indicating δ = Lm − Lth the shifts of the re-
constructed positions with respect to the actual one, while Figure 5.17 shows the
worsening of the filtered Smix,LP at different inclination angles. The uncertainty
in the angular values is taken larger to account for the instability of the gonio-
metric measures, which do not rely on a fixed-centred scale integrated into the
set-up but require an external aid that is subject to the user’s ability to maintain
the goniometer still. A ±2◦ error, twice the goniometer’s notch, can reasonably
represent this difficulty.

Both Table 5.11 and Figure 5.17 clearly indicate a performance downgrade as the
angle is set above θ ≃ 15◦, while keeping reasonable behaviour for low angles. In
particular, the best performance is obtained for θ ≃ −5◦, even though it can be

73



CHAPTER 5. EXPERIMENTAL RESULTS

Run θ (◦) τg (ns) Lm δ (cm)

1 0± 2 3.177± 0.005 29.8± 0.3 −0.29

2 5± 2 3.158± 0.005 29.5± 0.3 −0.58

3 10± 2 3.120± 0.005 28.9± 0.3 −1.17

4 15± 2 3.080± 0.007 28.3± 0.4 −1.78

5 20± 2 3.057± 0.007 28.0± 0.4 −2.14

6 25± 2 3.011± 0.012 27.2± 0.5 −2.86

7 30± 2 3.015± 0.013 27.3± 0.5 −2.80

8 −5± 2 3.188± 0.005 30.0± 0.3 −0.13

9 −10± 2 3.184± 0.005 29.9± 0.3 −0.19

10 −15± 2 3.147± 0.008 29.3± 0.4 −0.75

11 −20± 2 3.348± 0.026 32.4± 0.9 2.34

12 −25± 2 3.638± 0.030 36.9± 1.0 6.76

13 −30± 2 3.836± 0.055 39.9± 1.7 9.78

Table 5.11: Mirror-position reconstruction at fixed mirror–antenna distance L = (30.1 ± 0.3) cm and
variable mirror inclination angle θ. Sign convention: positive θ when the upper half of the mirror rotates
away from the antennas, negative when it rotates towards them. For each inclination, the measured τg,
the reconstructed Lm and the discrepancy δ = Lm − Lth are reported. Reconstruction degrades above
|θ| ≃ 15◦ (see body text).

affected by the previously discussed systematic error. This is consistent with the
antenna pattern (Section 4.2.1), which features a maximum directivity slightly
above the mid-plane and thus can operate under optimal conditions for forward-
inclined reflective surfaces. The general trend shows an underestimate of the
position for almost all the angles, clearly illustrated by the prevalence of negative
δ values, which can be reasonably explained by the widening of the beam section
at larger distances. This causes a larger fraction of waves to be reflected earlier
against the closest portion of the mirror, regardless of the directivity. Instead, for
the three larger negative angles (−20◦,−25◦,−30◦), a strong overestimate of the
distance is recorded, probably associated with the reflection of the waves on the
metallic table that forces them to travel a longer path to rejoin the antennas.

A further analysis is dedicated to evaluating the reconstruction error δ error by
inducing a change in both the angle and the mirror-antennas distance. This allows
for the creation of a 2D matrix in which the absolute shift for each (L, θ) config-
uration is shown. Figure 5.18 provides a proper 2D visualization of the absolute
error of position reconstruction and the corresponding projections in the top (er-
ror as a function of distance for different angles) and right (error as a function of
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Figure 5.17: Worsening of the background subtracted mixer signal Smix,LP at increasing inclination angle
(from +30◦ to -30◦), consistent with Table 5.11.

angle for different distances) panels. It is clear how the error is well restrained
within the ≃ 1 cm limit in the range [−15, 15]◦, showing a significant detriment
only at ±20◦, with significant values reached at θ ≃ −20◦ for larger distances
when the wave has a higher probability of being reflected by the metallic table.
The analysis demonstrates how a non-orthogonal reflecting surface has a strong
effect on the quality of the measurement, thus representing the most relevant
source of error for the reflectometric system.
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Figure 5.18: Absolute position reconstruction error |δ| as a function of the mirror–antenna distance L
and the mirror inclination angle θ. The error is contained within ≃ 1 cm in the central region [−15◦, 15◦]
across the full L range, and degrades sharply at θ = ±20◦, with the largest errors occurring at θ = −20◦

and large L, where waves are increasingly reflected off the metallic table beneath the mirror.

A summary and discussion of the experimental results can be found in Chapter
7. In the next Chapter 6, the same configuration is replicated numerically with
the aid of REFMUL3 , enabling a direct experimental–numerical comparison on
the mirror set-up, an investigation of the effect of the RFX-mod2 first wall, and
an extension to a semi-realistic plasma scenario where bench measurements are
not possible.
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Chapter 6

Numerical results

The numerical performance assessment carried out in the second half of the work
consists of two parts. On one hand, it provides the numerical counterpart of the
mirror experimental procedure (Chapter 5) to quantify the ability of the HFS
PPR system when integrated into the RFX-mod2 layout. On the other hand,
the same system is subjected to an RFP-like plasma scenario to validate its per-
formance in a more realistic application. The numerical assessment relies on
the Finite-Difference Time-Domain (FDTD) REFMUL3 code [37], [38], which
can solve the 3D Maxwell equations in a previously established environment and
simulate microwave propagation into the plasma in O-mode configuration. This
contrasts with RFX-mod2 PPR settings, which are designed to exploit X-mode
propagation inside a Tokamak plasma. However, since the waves oscillate in the
poloidal direction, an RFP SHAx state plasma is employed by taking advantage
of the almost poloidal structure of the magnetic field due to the edge reversal of
the toroidal one (Figure 6.1). This justifies assuming O-mode propagation in the
edge portion of the profile and thus simulating the PPR system performance by
employing REFMUL3 in a more realistic way. To ensure more consistency with
the optimal Tokamak scenarios (Section 4.3.1), whose LCFS can be located signif-
icantly farther from the wall (≃ 20-25 cm), the radial shift of the plasma column
is the best strategy to investigate PPR performance in more realistic conditions.
The chapter is organised as follows: after a general explanation of the code (Sec-
tion 6.1.1), the preliminary work is introduced (6.1.2), which has been conducted
to set the basis for the mirror (6.2) and the RFP SHAx state plasma (6.3) simu-
lations. A manipulation of the latter was necessary to adapt the density profile to
the K band measurement range (6.3.1) and thus make it suitable for the simulation
box (6.3.2). Finally, the translation of the density profile is performed to check
the HFS system response under the expected geometric conditions (6.3.4). As an
additional step, the full profile reconstruction is attempted (6.3.5), demonstrating
its strong dependence on the initialisation procedure.
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Figure 6.1: O-mode wave propagation in a RFP plasma: the electric field of the wave oscillates parallelly
to the poloidal magnetic field Bθ which represents the dominant edge contribution for this kind of scenarios.
In comparison with Figure 2.1b, the wave maintains its polarisation, while the magnetic field rotates of 90◦.

6.1 REFMUL3 basics

The REFMUL* code family consists of a set of Finite-Difference Time-Domain
(FDTD) computational methods that allow the set-up of synthetic systems to
assess the behaviour of reflectometry diagnostics [37]. Their employment is nec-
essary to account for the main propagation mechanisms of EM waves inside a
plasma, where the complexity and inhomogeneities of the medium make the phys-
ical framework far from the ideal situation. The family includes REFMUL, a 2D
O-mode code, REFMULX/REFMULXp for 2D X-mode simulations, and the two
most recent versions, REFMULF and REFMUL3. REFMULF allows for 2D full-
polarization wave simulations, including both O-mode and X-mode, and is able
to deal with an external magnetic field. REFMUL3, on the other hand, is a 3D
full wave parallel code that relies on the extension of the previous 2D REFMULF
over a third coordinate. Its 3D nature makes the simulations highly computation-
ally demanding, so a parallel approach is needed to cope with the computational
burden, and multiple CPU nodes are employed on the PITAGORA HPC cluster
at CINECA Italy.

6.1.1 FDTD approach for REFMUL* EM simulation

REFMUL* code solves Maxwell’s equations by coupling them to the linear cold
plasma model [27], recalling the results obtained with equation (2.10):

∂J

∂t
= ϵ0ω

2
p(r)E+ ωc(r)[b× J] (6.1)

where b is a unit vector that accounts for the direction of the magnetic field.
The simulation relies on the FDTD Maxwell solver in which time and space are
discretised, and Maxwell’s equations are substituted with an equivalent set of
finite-difference scalar equations according to the Yee scheme [38]. A spatial grid
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is defined together with a suitable coordinate system to perform the discretization
procedure and must fulfil three conditions, depending on the geometry of the
simulated model and the MW band under consideration.

• The boundary conditions need to be specified by assuming perfectly con-
ducting surfaces. These are introduced by setting the tangential electric field
and the normal magnetic field to 0 on the conductive surface. The latter is
approximated by a collection of polygons whose sides are parallel to the cells’
coordinate axes.

• The spatial discretisation is taken to be uniform along the N axes (N = 2
for 2D simulation, N = 3 for 3D), featuring a common step δr = δx = δy =
δz. This must be low enough to ensure that the EM field does not significantly
change over one increment. This condition is strongly dependent on the
specific band and is implemented by taking Nr cells per wavelength at a
chosen reference frequency fref , yielding:

δr =
λref

Nr
(6.2)

with λref = c/fref . Typically, Nr ≥ 20 and the reference frequency is set to
fref = 30 GHz for the K band, slightly above its maximum sweep frequency
(26.5 GHz), so the resolution criterion is satisfied with a margin.

• The Courant-Friedrichs-Lewy condition [39] for the time step δ must also
be fulfilled. This ensures the numerical stability of the FDTD scheme by
imposing an upper limit on the ratio:

c · δt ≤ δr√
N

<=> S =
c · δt
δr

≤ 1√
N

= Smax (6.3)

where Smax = 1/
√
2 for a 2D simulation, 1/

√
3 for a 3D one.

The FDTD method requires the integration of a simulation set-up where the
physical phenomena of interest are investigated. In the case of REFMUL*, this
structure is divided into four components [27].

1. Metallic structure: it includes all the metallic components of the MW
circuit (waveguides, antennas) and the first wall (graphite tiles, copper shell)
that can influence the wave’s behaviour. These are modelled as perfect con-
ductors and are easily implemented by a binary conductivity tensor mask σs
that is 0 at the grid points lying on a metallic surface and 1 elsewhere.

2. Plasma: it is represented by a 3D density tensor ne over a selected region
of the simulated volume.

3. Vacuum region: it hosts the free-space propagation of EM waves in the
absence of any reflective component.
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4. Perfectly Matched Layer (PML): it consists of a covering layer placed
around the FDTD grid to completely absorb the outgoing waves.

The definition of the simulation set-up is a fundamental step to move on to the ac-
tual simulation process in which Maxwell’s equations are consistently solved. The
2D approach of REFMULF consists in identifying a set of planes (typically (x, y)
planes) as a reference domain where the EM fields are solved, avoiding the depen-
dence on the z coordinate. This simplifies the system of equations, which can be
decoupled into two subsystems and solved on two sets of staggered grids: one for
TE waves (Ez = Bx = By = 0) and one for TM waves (Bz = Ex = Ey = 0). The
major difference from classic 2D codes is that a generic external magnetic field
B0 = B0,xex+B0,yey+B0,xez is now allowed. The coupling between TE and TM
planes is performed through the b× J term in Equation (6.1) [37].
The 3D REFMUL3 code is obtained from the extension of the 2D set-up by over-
laying N TE planes with N − 1 TM planes, coupling them through the equation
for J and enabling the variation along the z-axis of the field components [39]. For
stability purposes, only the O-mode propagation has been implemented so far,
relying on a simpler version of (6.1) with the b× J term equal to zero.

The following analysis has been carried out via REFMUL3. This has been a
necessary choice to investigate the RFX-mod2 reflectometric system: the large
toroidal separation of the antennas and their relative tilt make a 2D poloidal
picture not sufficiently satisfactory to account for all the physical processes that
occur in a 3D volume. On the other hand, the constraint of O-mode propagation
introduces, as already mentioned, the most relevant limitation on the numerical
assessment, as it is not consistent with the PPR configuration to be installed on
RFX-mod2. However, the employment of O-mode reflectometry simulations in
an RFP scenario can still provide interesting results that are worth discussing.

6.1.2 Preliminary work: model implementation

The correct employment of REFMUL3 requires a specific framework to facilitate
the input definition process, automate the generation of discrete models, and
perform simulations and data processing in the most efficient way. This framework
relies on a well-defined pipeline where a set of scripts is run to build the simulation
set-up. The user’s contribution is focused on defining the input configuration to
provide to those scripts and creating an organised folder structure for extracting
the relevant information. Figure 6.2 illustrates the five phases of the simulation
procedure [27]. In phase 1, the user defines the input data of the simulated set-
up (region of interest, working band, geometry, plasma profile, etc.), leading to
the creation of the Simulation Directory (SD) in phase 2, where the necessary
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ingredients are gathered. The simulation can thus be run (phase 3), and the data
processing scripts extract and store the output information from the simulated
scenario (phase 4). In the last phase, this information can be further analysed via
user-defined processing scripts.

Figure 6.2: Five-phase pipeline for a REFMUL3 simulation (adapted from [27]): (i) user-defined inputs
(CAD model, band, plasma scenario); (ii) generation of the simulation directory and FDTD grid via the
script chain; (iii) submission of the simulation; (iv) data processing (mixer signal, low-pass filtering, STFT);
(v) physical analysis (spectrograms, dispersion fit, group delay evaluation).

A preliminary task is thus necessary to perform phases 1 and 2 before moving
on to the actual simulation procedure. The first ingredient is a realistic 3D CAD
representation of the RFX-mod2 PPR system, detailed enough to include all the
components of the set-up that can affect the diagnostic measurement. Note that
the waveguides in the CAD are not exactly coincident with the real ones but are
adapted to be compatible with the simulation. Starting from the model (typically
a .step file), a series of additional operations are necessary to integrate the RFX-
mod2 set-up inside the REFMUL3 simulation box.

1. The CAD model is created using the Autodesk Fusion program (Figure 6.3)
and is stored in a dedicated directory. It is transformed into a mesh by run-
ning the step2mesh script. The resulting mesh (Figure 6.4a) is an ensemble
of tetrahedra in which the structure of the model is subdivided.

2. The vertices of the mesh are converted into a coordinate text list by the
mesh2ptlist code: both the point coordinates (plist.dat) and their corre-
sponding tetrahedra list (tlits.dat) are provided.

3. The set of coordinates must now be constrained by a suitable domain (Figure
6.4b), which sets a reference for the simulation components and limits its out-
put. This is specified by a text file (RFXmod2_HFS_PPR_axis_simbox )
that contains the origin, axis, and dimension of the parallelepiped domain.

4. Finally, the mkrefmul_geo_models script gathers all this information and
generates the FDTD grid associated with the chosen geometry.

The output result is a .h5 file that is fed to REFMUL3 for undertaking the
simulation. It consists of a matrix of 0s and 1s, depending on whether a point is
located inside a metal structure or not. The size of the grid is established by the
simulated MW band and by the number of points per wavelength Nr, according
to equation (6.2). In this case, Nr = 20 points for fref = 30 GHz define the grid
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(a) (b)

Figure 6.3: CAD model of the HFS PPR subsystem in Autodesk Fusion: (a) external view of the
waveguides + twists + hoghorn antennas mounted on the supporting structure; (b) cut-away view exposing
the internal geometry in contact with the plasma.

(a) (b)

Figure 6.4: (a) Tetrahedral mesh generated from the CAD model by the step2mesh script. (b) Simulation
parallelepiped (Eqs. (6.4)–(6.6)) containing the HFS subsystem.

step δr ≃ 5 ·10−4 m, which corresponds to approximately two cells for each mm of
the domain (Figure 6.5a). This information, combined with the three dimensions
of the parallelepiped defined by the user, sets the number of points for each axis:

lx ≃ 543 mm Nx ≃ 1086 (6.4)
ly ≃ 540 mm Ny ≃ 1080 (6.5)
lz ≃ 500 mm Nz ≃ 1000 (6.6)

Now that the FDTD grid is built, further work is dedicated to the implementa-
tion of the simulated wave. This concerns a second series of steps in which the
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fundamental parameters are defined.

1. The injection (TX) and receiving (RX) points of the waves must be specified.
This is easily checked by a dedicated python script (txrxver.py), which takes
the .h5 file and opens a graphic interface to visualize it in the y-z plane
(Figure 6.5). This is done on the Consorzio RFX’s RAT4 local server. These
points are set inside the probing waveguide at the very top of the domain and
must coincide with a perfectly centred cell (Figure 6.5a). If this condition is
not fulfilled, a suitable tiny shift on the coordinate axis must be introduced.

2. Besides the (y-z) coordinates of TX and RX, a set of parameters of the
simulated geometry is gathered. From the RAT4 interface, it is possible to
check the dimensions of the domain, the size of the waveguides, the probing
axis (z) and the coordinates of the antenna mouth (Figure 6.5b), which will
serve as a reference for simulations.

3. The temporal duration and discretization need to be specified. This is done
starting from the definition of a total number of iterations Nit = 150000
(30000 of which are an offset) and a time sampling δt = 1/(40 · fref) ≃
8.33 ·10−13 s, with fref = 30 GHz. This enables the direct evaluation of the
total duration of the physical time as:

Ttot = Nitδt ≃ 0.125 µs (6.7)

Note that (6.3) is satisfied, giving S ≃ 0.5 < 1/
√
3 for any 3D wave.

4. The temporal duration is subdivided into a series of segments in order to
reach the starting frequency and set the time sweep. The first 20000 itera-
tions (NPPRE) set the start of the sweep at the corresponding frequency:
the first 5000 (NPR) serve as ramps in which the wave ranges from 0 to
fmin = 18 GHz, while the remaining 15000 iterations are needed to let the
wave oscillate with frequency fmin. Then, 80000 iterations (NPRAMP)
correspond to the actual sweep fmin → fmax. Finally, 20000 iterations
(NPPOS) end the sweep: again, for 15000 of them the wave oscillates at
fmax = 26.5 GHz, while the last 5000 (NPF) let the wave decay from fmax

to 0. NPRAMP defines Tsw as:

Tsw = NPRAMP · δt ≃ 66.7 ns (6.8)

much lower than the experimental case (Section 5).

5. Finally, the cube sampling must be specified to establish at which iterations
the .h5 field matrices should be generated. In this case, the programme starts
from 20000 iterations, stops at 120000, and saves data every 40000.

After all these parameters are defined, they are fed to a SLURM script that
generates the command line for the REFMUL3 code and creates the output folder
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(a) (b)

Figure 6.5: Interactive identification of (a) the TX wave injection point and (b) the antenna mouth
reference cell on the RAT4 visualisation server. The selected coordinates for TX and RX must coincide with
a centred Yee cell along the antenna axis to ensure clean mode launching and detection; small axis shifts
are applied when necessary.

to host the simulation results. The parallel nature of the code requires a certain
number of CPU nodes to run the simulation within an acceptable time. The nodes
are provided by PITAGORA HPC upon request, and each project has a limited
number of available hours. The SLURM implements a series of sbatch instructions
to request a certain number of nodes, define a limit for the total amount of hours,
select the name of the simulation, and set the structure of the command line.
The options that can be selected for the latter are listed.

• Programming model (PMODE): defines how memory is shared among
the nodes. It can be pure MPI or hybrid (HYB) MPI+OpenMP.

• Structure (STRUCT): allows inclusion (WALL) or removal (NOWALL)
of the first wall (a .h5 matrix for the latter case needs to be integrated).

• RMOD: selects the type of physics to simulate. It can perform a calibration
(CAL), simulate wave propagation in vacuum (VAC), insert a mirror at a
fixed distance (MIRR), or include a plasma scenario (PLS).

• Sweep mode (SWP): defines the type of sweep of the wave. In this specific
case, the frequency modulated (FM) option is selected.

• Band (BND): selects the working band (from K to W).

• Plasma scenario (PLS_SCE): specifies the folder that hosts the plasma
model (details on plasma implementations will be given in Section 6.3).

The final step that precedes the actual simulations is the calibration of the system,
which is launched by the following command:
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sbatch –export=ALL, ’PMODE=HYB’, ’STRUCT=WALL’, ’RMOD=CAL’, ’SWP=FM’, ’BND=K’, ’PLS_SCE=’

This is fundamental to identify the TX and RX terminals of the reflectometric
measurements. Indeed, when the electromagnetic field is locally excited to gener-
ate a probing signal, it propagates in all possible directions. The excitation of the
fundamental mode in the waveguide generates two waves propagating equally in
opposite directions. To specify the correct direction of propagation, it is necessary
to implement a unidirectional transparent source (UTS) [27], [40] to enable signal
emission in one direction and signal detection in the other, making it ideal for
reflectometry simulations. The calibration Run serves as a unidirectional source
to properly identify TX and RX for the system under study, especially when
employed in a monostatic configuration.

6.1.3 Outputs

Once a simulation is complete, a series of output files is available to visualize and
extract the main physical information. REFMUL3 provides two types of output:
a .dat format for data processing and a .pvti extension for visualization. The 8
.dat files are listed below.

• Ezsrc.dat and Eysrc.dat correspond to the TX electric field signals mea-
sured at the source level (z and y components, respectively)

• Ezrx.dat and Eyrx.dat correspond to the RX electric field components
measured at the receiving antenna (useful for bistatic measurements).

• Ezm1src.dat and Eym1src.dat coincide with the residual electric field
components that return to the emitting antenna (useful for monostatic mea-
surements).

• ezref.dat and ezrefq.dat are two reference oscillators that serve as I and
Q signals for the filtering procedure (both for homodyne and heterodyne
detection schemes).

It is important to note that REFMUL3 outputs enable working with both bistatic
and monostatic configurations, as well as with both homodyne and heterodyne
schemes, thus ensuring a variety of physical phenomena to investigate.
The .pvti files are 3D matrices that allow for the complete visualization of the
propagating fields. Due to the high memory demand, typically only a slice of the
3D geometry can be depicted. This is done through the Paraview multi-platform
data analysis programme that can be connected to the PITAGORA server to
access the simulation files.
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6.2 Mirror simulation

The first numerical analysis addresses a replica of the experimental mirror set-up,
both including and removing the first wall to check for possible effects induced by
the latter. It also compares the actual bistatic set-up with its monostatic coun-
terpart. The mirror distance is set to Lth = 30 cm inside the SLURM script to be
consistent with the experimental conditions, where 30 cm is taken as a reference
for being close to the RFX-mod2 focal length Lf (Table 4.2). Figure 6.6 displays
a visualization of the simulated electric field starting inside the probing waveguide
and then propagating and oscillating in the poloidal plane towards the reflecting
mirror. Figure 6.7 shows the same situation projected in the antennas mid-plane.

As for Chapter 5, the goal of this section is to obtain an estimate of the recon-
structed mirror position Lm and compare it with the theoretical Lth. Due to the
complexity of each simulation, only the Lth = 30 cm is considered, and neither
calibration nor differential analysis is performed. As a general note, the subscripts
m and th denote measured and theoretical quantities, respectively.

Figure 6.6: Paraview poloidal cut rendering of the simulated E field for the mirror configuration (L ≃
30 cm, K band sweep). The wave is launched from the probing waveguide, traverses the twist element and
hoghorn antenna, and is reflected from the metallic mirror back into the receiving antenna.
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Figure 6.7: Same simulation as Figure 6.6 showing the mid-plane cut between the two antennas. The
convergence of the probing beam and the reflection off the mirror are both visible.

6.2.1 Effects of the simulation set-up

Some preliminary investigations are needed to assess the quality and consistency
of the output signal. These are performed starting from the simpler waveg-
uides+antennas configuration that replicates the experimental set-up by running
the simulation with the "NOWALL" instruction.
The signal processing involves a series of steps that correspond to the homodyne
operations of the reflectometric unit: the raw RX signal (Ezrx.dat) is multiplied
by the reference I signal (ezref.dat), and then a Butterworth digital filter of order
8 is applied for low-pass filtering. Figure 6.8 shows the raw beating signal (Smix)
together with its LP filtered counterpart (Smix,LP ), their Fourier Transform, and
the round-trip power loss (2.40) of the RX signal with respect to the reference
oscillator (typically implemented with unitary amplitude). The Smix,LP spectro-
gram in logarithmic scale is shown in Figure 6.9 and the maxima in the group
delay spectrum resemble the typical dispersion trend. The logarithmic scale high-
lights the presence of other components that interfere with the pure mirror signal
and might deteriorate the performance of the system. It is difficult to obtain a
comprehensive understanding of all these effects, whose nature might be due to
the physical properties of the system or to computational limitations. An attempt
to identify the spurious wave component is provided (see Figure 6.9).
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Figure 6.8: Signal-processing chain for the mirror simulation (NOWALL bistatic): raw RX field Ez,rx

multiplied by the I reference oscillator ezref and the low-pass filtered Smix,LP after Butterworth filter of
order 8 (top); FFT of both signals (middle); round-trip power loss PL (eq. (2.40)) vs time (bottom).

1. Short sweep duration: the sharp fall at the beginning of the sweep defines
a transient region of null delay. This is probably associated with the short
sweep duration, for which the wave propagation time is not completely neg-
ligible. To overcome this issue, the probing frequency vector is conveniently
translated to remove the transient part.

2. Large beamwidth: a spread of the group delay measurement is observed at
the beginning of the sweep, making the measurement less reliable. This might
be associated with the large beamwidth (see Section 3.1) that characterizes
the lower frequencies and might increase the noise level.

3. Antenna cross-talk: a series of faint lines is observed at lower group delays,
showing an equally spaced pattern. This is probably related to direct cross-
talk between the two antennas, possible through their relative angle (≃ 13◦).

4. Multiple reflections: a further line is present for higher group delays. This
effect is due to multiple reflections of the waves between the mirror and the
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antennas’ surface, for which the free-space path is greater and the group
delay is reasonably upward shifted.

5. Minor lobes: a spread of the group delay is partially observed at the end
of the sweep, together with a "step" in the dispersion curve. This might be
related to the presence of secondary lobes, which become more relevant for
higher frequencies.

Figure 6.9: STFT spectrogram of the NOWALL bistatic mirror simulation (mirror at L ≃ 30cm). The
dominant τg track at ≃ 5.5 ns corresponds to the mirror reflection. Five spurious features are visible: the
sharp fall at the beginning of the sweep (1) the larger beamwidth at low frequencies (2), the interference
pattern at low τg (3), reflections near 6.5 ns (4), and the higher frequency secondary lobes (5).

Regarding computational effects, a possible detriment can be associated with the
misalignment of the twisted waveguide structure relative to the computational
grid, which can lead to higher order mode excitations. Verifying this effect is
outside the scope of the present discussion, but it is worth acknowledging that
some spurious features in the spectrograms may have this origin in addition to
the previously offered explanations.

Once these elements are discussed, it is possible to develop a recipe for the mirror
analysis. The probing frequency vector is translated according to the waves’ prop-
agation time and the initial and final portions of the spectrograms are cut away.
The remaining frequency segment [18.5, 25] GHz is then analysed and fitted with
the usual dispersion function (5.7) to assess its quality. Figure 6.10 shows the
adjusted spectrograms for NOWALL (6.10a) and WALL (6.10b) configurations.
Table 6.1 shows the results of the dispersion fit for both cases and allows for a
direct identification of the antenna length lant and the waveguide extension Lwg
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(with the subscripts ant and wg referring to antennas and waveguides, respec-
tively). In this case, A encodes the free-space and antenna propagation compo-
nents (Lc+ lant), while B is a measure of the length of the waveguides included in
the simulation (Lwg). The latter is extracted and compared with the expectations
to show the consistency of the fit. Note that the expected Lwg,AF ≃ 25 cm is
evaluated with Autodesk Fusion (the same subscript is employed for Table 4.2)
and starts from the selected injection point. Considering the oblique wave path
Lc =

√
L2 +∆2 ≃ 30.7 cm (the same definition as in Figure 5.4 but with ∆

defined in Table 4.2), it is also possible to nearly recover the true antenna length
lant ≃ 12 cm from the measured Lc + lant. This represents another reasonable
result demonstrating the proper implementation of the model.

(a) (b)

Figure 6.10: Mirror spectrograms after the analysis recipe of 6.2.1 (probing-frequency-vector translation
+ crop to [18.5, 25] GHz), with the red curve showing the fit of Eq. (5.7) used to extract the dispersion
parameters of Table 6.1: (a) NOWALL bistatic; (b) WALL bistatic.

case A (ns) B (ns) Lc + lant (cm) Lwg (cm) lant (cm)

NOWALL 2.94± 0.04 1.64± 0.03 44.0± 0.6 24.5± 0.5 13.3± 0.6

WALL 3.05± 0.05 1.55± 0.04 45.8± 0.8 23.2± 0.6 15.1± 0.8

Table 6.1: Dispersion fit parameters of the function (5.7) applied to the mirror spectrograms of Figure
6.10 (Lth = 30 cm), in the NOWALL and WALL bistatic configurations. Parameter A captures the non-
dispersive contributions (free-space round trip to the mirror plus residual antenna terms); parameter B is
proportional to the doubled waveguide length traversed. The recovered Lc + lant are consistent with the
SLURM-imposed mirror distance + the nominal antenna length lant ≃ 12 cm; the recovered Lwg match
the expected value Lwg,AF ≃ 25 cm from the Autodesk Fusion CAD model.

6.2.2 Dispersion Subtraction and position reconstruction

The next step concerns the subtraction of the dispersion of the MW circuit. The
strategy is to run a second simulation in which the mirror is set closer to the anten-
nas’ mouth (Lth ≃ 3.5 cm). The corresponding dispersion function is subtracted
from the previous mirror spectrogram in both configurations, thus removing the
group delay contribution of waveguides and antennas. The final measured group
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delays are corrected with the 3.5 cm free-space delay of the subtracted mirror to
recover the actual antenna-mirror distance. Since the mirror is too close to the
antennas, the dispersion spectrogram is obtained in monostatic configuration with
the waves travelling backward through the emitting antenna. This relies on the
assumption that the two antennas share the same dispersion properties, which is
reasonable if one considers that, unlike the experimental case, the two halves of
the MW circuit are coincident in the CAD model. It is also necessary to subtract
the vacuum monostatic contribution to remove internal reflections that might oc-
cur inside the waveguides or at the aperture of the emitting antenna. Figure 6.11
shows the dispersion for both NOWALL and WALL cases. It is immediately clear
how the presence of the first wall introduces multiple reflections that deteriorate
the signal with several spurious components. For this reason, the NOWALL case
is chosen as a reference for the identification of the dispersion, and it is employed
in both configurations to account for this effect.

(a) (b)

Figure 6.11: Mirror spectrograms at L ≃ 3.5 cm for dispersion subtraction (same procedure as in Figure
6.10): (a) NOWALL bistatic, (b) WALL bistatic.

case A (ns) B (ns) Lc + lant (cm) Lwg (cm) lant (cm)

NOWALL 1.05± 0.06 1.69± 0.04 15.7± 0.9 25.4± 0.6 12.2± 0.9

WALL 4.9± 0.5 −1.0± 0.4 73± 7 −15± 5 69± 7

Table 6.2: Same results as in Table 6.1 for the NOWALL and WALL bistatic mirror spectrogram at
Lth ≃ 3.5 cm.

The fit results in Table 6.2 show how the NOWALL case is consistent with the
one obtained in Table 6.1 and with the real dimensions of the machine, while the
WALL case is highly unreasonable.
Finally, it is possible to reconstruct the mirror position once the dispersive com-
ponent is subtracted. For the bistatic configuration, the results are shown in
Figure 6.12 and in Table 6.3, where the measured group delay τg,m and position
Lm are compared with the expectations. The same analysis is also presented for
the monostatic system, yielding almost the exact same result.
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(a) (b)

Figure 6.12: Mirror spectrograms after subtraction of the waveguide dispersion contribution, with mirror
at Lth ≃ 30 cm: (a) NOWALL bistatic; (b) WALL bistatic. The τg is now flattened to the constant baseline
expected for the free-space round trip. Reconstructed positions are reported in Table 6.3.

case τg,m (ns) τg,th (ns) Lm (cm) Lth (cm) δ (mm)

BISTATIC

NOWALL 2.044± 0.003 ≃ 2.048 29.94± 0.05 ≃ 30 −0.6

WALL 2.032± 0.004 ≃ 2.048 29.76± 0.05 ≃ 30 −2.4

MONOSTATIC

NOWALL 1.986± 0.003 ≃ 2.001 29.77± 0.05 ≃ 30 −2.3

WALL 1.988± 0.004 ≃ 2.001 29.80± 0.05 ≃ 30 −2.0

Table 6.3: Mirror position reconstruction after dispersion subtraction (Figure 6.12), for the NOWALL and
WALL configurations both in bistatic and monostatic case. The measured group delay τg,m, the expected
τg,th from the geometrical model, the reconstructed position Lm, the theoretical position Lth and the
discrepancy δ = Lm − Lth are reported. All four cases yield position-reconstruction errors below 3 mm,
well within the 1 cm accuracy target.

The analysis shows that the system is capable of evaluating the correct mirror po-
sition with high accuracy (less than the 1 cm-target) once the set-up is numerically
implemented. The recorded discrepancy δ ≃ −0.6 mm for the bistatic NOWALL
case (the replica of 5.4) is consistent with the observed experimental uncertainty
(σδ ≃ O(mm)) discussed in Section 5.2. Although the simulation is determinis-
tic, the numerical δ captures the statistical spread of the τg,m extraction across
the spectrogram, probably associated with pattern irregularities and small devia-
tions from the expected propagation path (the mirror is extended throughout the
entire (x, y) plane). The WALL bistatic simulation still provides a satisfactory
δ ≃ −2.4 mm accuracy, demonstrating the limited impact of the first wall and
thus emphasising the correct integration of the diagnostic in the HFS sector. It
will be taken as the reference dispersion signal to subtract from the plasma one
(Section 6.3). Finally, the monostatic measurement provides consistent results,
demonstrating the feasibility of this configuration in ideal applications.
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6.3 Plasma simulation

The final part of the numerical analysis is dedicated to the numerical implementa-
tion of a realistic plasma scenario in the simulation set-up. As already mentioned,
an RFP Single-Helical Axis (SHAx) state has been chosen to ensure more regular-
ity in the edge portion of the profile, with almost concentric isodensity surfaces. It
refers to an old RFX-mod discharge, so preliminary work on the profile needs to be
performed to extend it to the RFX-mod2 configuration. A further manipulation
is necessary to adapt the profile to the K band-accessible density range (Section
6.3.1), making it semi-realistic. The resulting RFP-like plasma is then integrated
into the simulation (6.3.2), and further analysis is performed by translating the
density profile far away from the first wall to check the system response (6.3.4).
The RFX-mod profiles have been obtained with the help of Dr. Marco Veranda
and Prof. Fulvio Auriemma, but only one has been selected. The chosen profile
corresponds to RFX-mod shot #1590, provided by Prof. Fulvio Auriemma via a
.sav file and manipulated through a user-made python script.

6.3.1 SHAx state manipulation

The SHAx state refers to a peculiar magnetic equilibrium that corresponds to
the closest approach to the theoretical SH (Section 1.5.1). It is thus an improved
version of the MH state, where one MHD tearing mode (specifically, the one
with m = 1, n = 7, where m and n are defined as poloidal and toroidal mode
numbers) dominates over the others, featuring a higher degree of confinement and
greater resilience to chaos. The equilibrium surfaces of a SHAx [41] can thus be
described by a superposition of a 0th order axisymmetric equilibrium and a 1st

order helical (1-7) perturbation. In this specific case, the amplitude of the latter
is small compared to the axisymmetric field to ensure a regular circular shape at
the edge, thus setting the best possible working condition for the reflectometric
diagnostic. The isodensity magnetic surfaces of the SHAx are identified by the
contours of the helical flux function χ. Narrowing the look within the poloidal
plane (at a fixed toroidal angle), an effective radius ρ can be defined from the
normalized helical flux to tag these surfaces:

ρ =

√
χ− χ0

χa − χ0
(6.9)

where χ0 is the flux on the helical axis, while χa is on the Last-Closed Flux Surface
(LCFS). The density profile ne(ρ) allows for the reconstruction of the 3D density
map, even when axisymmetry is lost. The contours of the normalized helical flux
ρ for shot #1590 are shown in Figure 6.13 in the poloidal plane. The latter is
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defined by the (R,Z) coordinate system:

R =R0 + r · cos(θ) (6.10)
Z =r · sin(θ) (6.11)

where r and θ are the usual polar coordinates for the vessel’s circular section.
The coordinate boundaries are already adapted to the RFX-mod2 geometry,
which features a higher minor radius (amod2 = 0.49 m) with respect to RFX-
mod (amod = 0.459 m). The effective radius ranges from ρ = 0 at the axis to
ρ = 1 at the LCFS, reaching ρmax > 1 at the first wall. For ρ > 1, the density is
set to 0 up to the first wall.

Figure 6.13: Normalised helical flux ρ (Eq. (6.9)) in the (R, Z) poloidal plane for RFX-mod shot #1590.
The contourρ = 0 marks the helical magnetic axis; ρ = 1 marks the LCFS. The coordinate system is adapted
to RFX-mod2.

The 2D density map is provided as well, and the corresponding ne(ρ) profile is
obtained by identifying the LoS that passes through the axis and spans all the
values of ρ. The result (Figure 6.14) is a hollow profile with large density gradients
and a high edge value (nedge ≃ 0.77 · 1019 m−3).
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Figure 6.14: Original RFX-mod density profile ne(ρ) for shot #1590, as a function of the effective radius ρ.
The profile is hollow (ne increases outward from the helical axis) with edge density nedge ≃ 0.77 ·1019 m−3.

The major concern at this point is the incompatibility of this plasma scenario
with the K band PPR set-up. Indeed, as already mentioned, the edge density
value is still too high to be accessed by the reflectometric measurement, since the
K band frequency range ([18.5, 25] GHz) corresponds to an accessible density
interval [ne,min, ne,max] ≃ [4.2, 7.8] · 1018 m−3 for the O-mode propagation (2.23).
To solve this issue, a suitable profile extension is performed to lower the edge
density to a measurable limit. The strategy consists of a series of steps.

• The radial density profile for RFX-mod is reconstructed (Figure 6.15) by
identifying a one-to-one relationship between the radial coordinate r and the
flux coordinate ρ along the previously selected LoS. The profile ranges from
the axis position (which is negative) to the HFS edge value at r = amod.

• An exponential fit is performed on a selected region of the HFS edge radial
profile (Figure 6.15). The fitting function is extended up to amod2, and the
density values are modified accordingly (Figure 6.16 on the left).

• Recalling the relationship between r and ρ, the extended profile ne(ρ) can
be reconstructed (Figure 6.16 on the right).

Note from Figure 6.16 that the edge density value is significantly lower (nedge ≃
0.65 · 1018 m−3) and is more compatible with the nature of the O-mode K band.
It is also important to stress that even the ρ > 1 portion is included, meaning
that the edge density point coincides with the first wall.

95



CHAPTER 6. NUMERICAL RESULTS

An updated version of the 2D poloidal density map is shown in Figure 6.17a.
The actual profile seen by the reflectometric set-up is recovered from the latter,
considering the height of the Antennas’ LoS zLoS ≃ 5.8 cm from the equatorial
mid-plane (Figure 6.17b).
It is important to note that this procedure is rather artefact and does not corre-
spond to a rigorous profile extension. Nevertheless, the modified profile can be
functional for the scope of the analysis while maintaining the overall structure
and the fundamental features of a typical SHAx state.

Figure 6.15: Radial density profile ne(r) along the LoS through the helical axis (blue), with the exponential
fit performed on the HFS edge region (red). The fitting function is extended outward to the RFX-mod2
minor radius amod2 = 0.49 m, providing the modified density values in Figure 6.16.

Figure 6.16: Modified density profile (a) as a function of radial position r and (b) as a function of
the helical flux coordinate ρ, after the exponential extension on the HFS edge. The new edge density
nedge ≃ 0.65 · 1018 m−3 is compatible with the K band O-mode probed-density range [4.2, 7.8] · 1018 m−3.

96



CHAPTER 6. NUMERICAL RESULTS

(a) (b)

Figure 6.17: Results of the SHAx profile extension to the RFX-mod2 minor radius. (a) 2D poloidal density
map in the (R, Z) plane built from the extended ne(ρ) and the helical flux map of Figure 6.13. (b) Density
profile along the PPR LoS at zLoS ≃ 5.8 cm above the mid-plane, plotted against the radial coordinate
from the antenna mouth.

6.3.2 SHAx numerical implementation

Once the physical and geometrical details about the plasma SHAx scenario are
gathered, a series of steps is required to integrate it into the simulation set-up.
To simulate the plasma, REFMUL3 needs a model in which the poloidal density
map as a function of the vessel coordinates is specified. The plasma will then be
associated with the CAD, and the code will be able to include it in the simulation.

The information is synthesized into 4 files.

• R.dat: is the column with the R coordinate (from R0 − a to R0 + a).

• Z.dat: is the column with the Z coordinate (from −amod2 to +amod2).

• rho.dat: is the helical flux matrix with the values of the effective radius ρ
in the (R-Z) plane.

• rhone.dat: is a two column text file where each ρ is associated with a
corresponding ne(ρ).

The plasma 3D matrix is built starting from the 2D poloidal one by exploiting the
axisymmetry along the toroidal section included in the domain. This is not com-
pletely realistic for a SHAx state, which does not feature axisymmetric behaviour,
but it can be considered a good approximation in the present case since the outer
magnetic flux surfaces are almost concentric, as occurs for Tokamak scenarios.
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Figure 6.18: CAD model of the toroidal plasma column inserted into the RFX-mod2 vessel geometry.
The torus is sliced by mk_lim_slice to generate the 2D poloidal reference section, and the corresponding
mask is built by mkMASK and mkrefmul_pla_models scripts.

The starting point for the plasma implementation relies on the definition of a
Plasma mask , i.e., a portion of the space where the 2D plasma will be inserted.
This is done first by integrating a CAD model of a torus (Figure 6.18), ensuring its
coherence and compatibility with the RFX-mod2 set-up. Then, the mk_lim_slice
script is launched to generate the 2D section of the torus that will serve as the
poloidal plane of reference. Finally, the mask for the specific scenario is generated
by the mkMASK script. Finally, the mkrefmul_pla_models script is applied after
specifying the working band, the dimensions of the simulation domain, and its
axis of reference.

6.3.3 SHAx simulation results

Figure 6.19 and 6.20 show the wave propagation from the MW circuit to the
plasma reflecting layers, both in the poloidal plane and in the antennas’ mid-
plane. The features of the implemented plasma scenario and its integration into
the machine are highlighted in Figure 6.21, where the poloidal projection of the
wave propagation is made clearer. The wave propagation starts from the antenna
mouth and occurs along the corresponding LoS, located at zLoS ≃ 5.8 cm from the
mid-plane. The expected plasma-antenna distance dAP must take into account
the antenna-wall spacing dAW ≃ 3.3 cm (Table 4.2) and the plasma-wall distance
dPW , whenever the plasma column is located far away from the first wall:

dAP = dAW + dPW (6.12)

Recalling Section 6.3.2, it is clear how dPW = 0 cm applies in this specific case,
and dAP is completely defined by dAW .
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Figure 6.19: Poloidal cut of the SHAx plasma simulation (dPW = 0, K band sweep): wave propagation
from the HFS subsystem into the plasma column up to the reflection layer.

Figure 6.20: Same simulation as Figure 6.19, mid-plane cut between the two antennas. The probing
beam converges toward the plasma and is reflected.
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The corresponding density values identified by the probing beam range from
ne,min ≃ 4.2 · 1018 m−3 to ne,max ≃ 7.8 · 1018 m−3. Since the plasma starts
from a null density, the reflection occurs further away from the edge and the wave
must travel an additional length before being reflected. The distance of the first
reflecting layer is defined as dref > dAW and shown in Figure 6.21.

Figure 6.21: Paraview rendering of the simulated wave propagation in the poloidal plane towards the
implemented SHAx scenario (dPW = 0 case). The Figure shows the geometry of the set-up (antenna, first
wall), indicating dAW = dAP , dref , the PPR LoS and its height (zLoS) from the mid-plane.

The choice of the LoS is fundamental for the identification of the actual profile
seen by the wave, which, in turn, can be compared with the reconstructed one.
The major concern of this analysis relies, once again, on the tilt of the antennas,
which causes the waves to propagate along oblique lines. This makes the simple
straight-line LoS inadequate for the present discussion and necessitates a more
comprehensive analysis of the exact wave propagation according to the position
of the target. However, to average the effects of oblique propagation, a proper
profile is chosen along the LoS that lies in the middle of the two antennas. The
latter is shown in Figure 6.22 in the antennas’ mid-plane.
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Figure 6.22: Paraview rendering of the simulated wave propagation in the antennas’ mid-plane towards
the implemented SHAx scenario (dPW = 0 case). The Figure shows the geometry of the set-up (antennas,
firs wall), indicating dAW = dAP , dref and the average LoS in the middle of the two antennas. Due to the
proximity of the plasma, the coupling angle per beam relative to normal incidence is θ ≃ 41◦, too far from
the antenna tilt design value θt ≃ 13◦, thus motivates the η = 1/2 correction discussed in the text.

The analysis of the plasma RX signal follows the same steps as the previous mirror
configuration: the signal is processed to generate the Smix,LP component, from
which the group delay is extracted by means of the STFT method. The disper-
sion contribution is subtracted from the Smix,LP spectrogram, similarly to what
is done for the mirror. The dispersion function is evaluated from the bistatic
mirror spectrogram placed at L ≃ 30 cm in WALL configuration, and the final
τg is corrected for the mirror free-space propagation. This choice is motivated by
the attempt to subtract the dispersion contribution of both waveguides without
relying on the assumption that they are exactly equal. Moreover, the proximity of
the mirror to the focal point ensures high reliability and regularity. The resulting
measured group delay is then compared with the one generated by the expected
profile. The latter is obtained from a Paraview plot along the chosen PPR LoS
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(Figure 6.22) and implemented in a python script to be converted into delay.

Figure 6.23 offers a comparison between the measured delay of the plasma signal
and the validated delay from the expected profile, computed via equation (2.25).
The corresponding absolute error is also discussed. It is possible to observe a sig-
nificant discrepancy between the two, with the experimental group delay strongly
exceeding the expected amount. A reason for this behaviour can be identified by
looking at Figure 6.22: the high proximity of the plasma to the wall makes the
reflectometric system work under non-optimal conditions. The coupling angle θ,
defined as the angle of the optimal oblique path (yellow) with respect to normal
incidence, is far from the tilt angle θt ≃ 13◦ for which the antennas are designed.
In this case, an angle of ≃ 41◦ ensures the best coupling of the two antennas. In
this situation, the probing beam is more likely to be reflected twice by hitting the
first wall after the initial interaction with the plasma. This double plasma-wall
reflection can increase the path of the wave by a factor of 2 and raise the effective
group delay. To account for this, a correction η = 1/2 is implemented, defining
the corrected group delay τg,corr = η · τg,m. The result is shown in Figure 6.24.

Figure 6.23: Comparison between the measured τg,m (red) extracted from the SHAx simulation (dPW =
0) and the expected τg,th (black) computed from the implemented density profile along the PPR LoS (Eq.
(2.25)). The blue curve shows the relative discrepancy. The systematic excess in τg,m of roughly a factor
of two motivates the η = 1/2 correction applied in Figure 6.24.
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Figure 6.24: Same as Figure 6.23, with the η = 1/2 correction applied to τg,m to account for the double
plasma–wall reflection. The relative error ϵτ = 13% demonstrates that the correction is partially successful.

Despite the rough nature of the correction, the comparison looks more reasonable.
Figure 6.23 and 6.24 show the analysis of the discrepancy between the measured
and expected group delays, the results of which are reported in Table 6.4. The
average measured group delay τ̄g,m gives an idea of the overall delay introduced by
the plasma, while the discrepancy ¯|δτg| corresponds to the mean absolute error.
To assess the quality of the measurement, the relative error ϵτ =

¯|δτg|
τ̄g,m

on the
average group delay is also reported , thus showing significant improvements in
the corrected case with respect to the previous one. However, the residual ≃ 13%
relative error suggests that this correction works only partially and that a more
detailed model must be implemented to account for the complex wave propagation
in this scenario.

CASE dPW (cm) dref (cm) |θ − θt|(◦) τ̄g,m(ns) ¯|δτg| (ns) ϵτ

NO-CORR 0 ≃ 8 ≃ 28.1 1.37± 0.08 0.599± 0.006 ≃ 44%

CORR 0 ≃ 8 ≃ 28.1 0.69± 0.04 0.089± 0.003 ≃ 13%

Table 6.4: Group-delay analysis for the SHAx scenario at dPW = 0, before and after the η = 1/2 correction
for the double reflection of Figure 6.22. For both cases, the Table shows the nominal plasma–wall distance
dPW , the reflection position dref , the mismatch |θ− θt|, the average measured group delay τ̄g,m, the mean
absolute error ¯|δτg| and relative error ϵτ . The correction brings the latter from ≃ 44 % to ≃ 13 %.
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6.3.4 SHAx translation

To assess the quality of the simulation across the RFX-mod2 spatial domain,
a further manipulation of the profile has been implemented by translating the
poloidal flux map outward to increase the plasma-wall distance dPW . In this
way, it is possible to obtain more realistic plasma configurations that reflect the
PPR working conditions for Tokamak scenarios. Varying dPW , the reflectome-
try system might behave differently, given its large tilt angle and the imperfect
perpendicularity of the plasma along the probing LoS. A comprehensive analysis
of the translated plasma is presented in terms of group delay measurement to
check the system response and linearity and to address possible detriments. The
translation is implemented by shifting the ρ map in Figure 6.13 away from the
HFS and associating the same ne(ρ). An example is shown in Figure 6.25, where
the density map features a 10 cm shift (6.25a) and the PPR LoS profile changes
accordingly (6.25b).

(a) (b)

Figure 6.25: Example of SHAx profile translation (dPW = 10 cm) by shifting the helical flux map outward
while preserving ne(ρ): (a) translated 2D poloidal density map; (b) corresponding profile along the PPR
LoS. The procedure is repeated for dPW=10, 15, 20, 25, 30 cm to scan the system response (Table 6.5).

Figure 6.26 shows the poloidal projection of the wave propagation inside the RFX-
mod2 layout, and a direct comparison with Figure 6.21 is straightforward.
The increasing distance of reflection (dref) of the wave against the plasma column
has an impact on the round-trip power loss for the RX signal with respect to
the reference one, which is reported in Figure 6.27. As expected, a downgrade
in the amplitude of the detected signal is recorded at higher distances. At lower
dref (0-10 cm), a positive gain is sporadically observed, probably resulting from
a superposition of multiple reflected components.
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Figure 6.26: Paraview rendering of the simulated wave propagation in the poloidal plane towards the
implemented SHAx scenario (dPW = 10 cm). The Figure shows the geometry of the set-up (antenna, first
wall), indicating dAW , dPW , dref , the PPR LoS and its height (zLoS) from the mid-plane.

Figure 6.27: Comparison of RX round-trip power loss (eq. (2.40)) for the six plasma-wall distances (dPW ).
The loss increases with dPW , reflecting the propagation through a longer free-space path. Sporadic positive
gains observed at the lowest dPW are attributed to the superposition of multiple reflected components.

The summary of the translation analysis is reported in Figure 6.28, where a com-
parison between measured (τg,m) and expected (τg,th) group delays is provided.
Table 6.5 gathers all the extracted information: the nominal dPW and the ef-
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fective dref at which the first reflecting layer is located, the difference between
the coupling and the optimal angle (|θ − θt|), and the average measured group
delay (τ̄g,m), together with the mean and the relative absolute error ( ¯|δτg| and
ϵτ =

¯|δτg|
τ̄g,m

). The system features a good linear response, proving capable of cor-
rectly identifying the plasma-induced delay under the shift of the target position.
As expected, moving the plasma column away from the wall produces an improve-
ment in performance, providing a lower relative error in all five cases with respect
to the 0 cm-plasma scenario. No significant results are recorded in the optimal
geometrical configuration (the dPW = 20 cm case) where the reflection occurs at
the closest distance to Lf ≃ 28.2 cm (Table 4.2).

Figure 6.28: Comparison between measured τg,m and expected τg,th across the five plasma–wall distances.
The linear response of the system is visible: τg,m tracks τg,th faithfully across the 10–30 cm range, with the
relative error ϵτ remaining below 3.1 % everywhere (Table 6.5).

dPW (cm) dref (cm) |θ − θt|(◦) τ̄g,m(ns) ¯|δτg| (ns) ϵτ

10 ≃ 18 ≃ 7.9 1.48± 0.03 0.046± 0.003 ≃ 3.1%

15 ≃ 23 ≃ 3.7 1.79± 0.04 0.030± 0.002 ≃ 1.7%

20 ≃ 28 ≃ 0.8 2.13± 0.04 0.035± 0.002 ≃ 1.7%

25 ≃ 33 ≃ 1.3 2.46± 0.03 0.029± 0.002 ≃ 1.2%

30 ≃ 38 ≃ 2.6 2.78± 0.04 0.030± 0.002 ≃ 1.1%

Table 6.5: Group-delay analysis under SHAx plasma translation across dPW = 10, 15, 20, 25, 30 cm as
in Table 6.4. The relative error ϵτ remains within 3.1 %, decreasing monotonically with increasing dPW .
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6.3.5 Profile reconstruction

The final part of the analysis can be dedicated to an attempt at reconstructing
the density profile. This is done by inverting the measured group delay τg(ω)
employing the technique explained in Section 2.3. The inversion algorithm for
O-mode reflectometry is provided analytically by the Abel integral (2.29), and
the resulting rc(ω) requires knowledge of the group delay for any frequency be-
low ω. The lack of τg(ω) data for frequencies below 18.5 GHz represents the
main limitation introduced by O-mode propagation, preventing a rigorous profile
reconstruction from being discussed and analysed. To partially solve this issue,
a proper initialisation procedure is necessary to get information across the entire
frequency spectrum. This is usually accomplished with the aid of additional edge
diagnostics (such as Thermal Helium Beam) that can provide an edge density
characterisation and improve the accuracy of the reconstruction.

For the scope of the thesis, a brief discussion is presented to investigate the effect
of the initialisation on the final profile reconstruction. As a first step, a rough
initialisation is defined by a simple linear ramp between the initial τg value, corre-
sponding to the minimum delay at the expected plasma starting position, and the
measured value at the beginning of the sweep. Figure 6.29 provides an example
of such a rough initialization (at 10 cm), and for the same situation, Figure 6.30
shows the corresponding profile reconstruction (left) and the discrepancy of the
evaluated position with respect to the expected one (right).
The employment of a rough initialization procedure introduces an inevitable dis-
crepancy between the two profiles (Figure 6.29) for probing frequencies below
18.5 GHz, leading to a non-negligible error contribution to the final profile recon-
struction (Figure 6.30) that exceeds the 1 cm-target accuracy for a reflectometric
system. This source of error arises purely from the inversion algorithm and does
not rely on any stochastic physical mechanism related to wave propagation, nor
on any geometric systematic contribution attributable to the set-up.

The same situation is then subject to an ideal initialisation, defined by imposing
the lower group delay to perfectly match the expected one (Figure 6.31). The
reconstruction (Figure 6.32) features a significant reduction in the corresponding
error, which is now negligible in the transparent region (as expected), but retains
a relatively low value also in the probed region, thus demonstrating the sensitiv-
ity of the inversion procedure to the choice of initialization. This confirms the
significant improvement in the results with the optimal initialisation and shows
how a proper choice of the latter can be crucial to keep the accuracy below the
required threshold.

107



CHAPTER 6. NUMERICAL RESULTS

Figure 6.29: Linear initialisation procedure for the τg inversion at dPW = 10 cm: the measured τg (red)
is filled in below 18.5 GHz by a linear ramp between the minimum-delay value at the expected plasma
starting position and the first measured τg value of the sweep. The expected τg (blue) from the profile
inversion is shown for comparison.

Figure 6.30: Profile reconstruction with linear initialisation at dPW = 10 cm: (left) the recovered ne(L)
(red) compared with the implemented profile (black); (right) the absolute position error δL(L) across the
profile. The error is large below the K band-accessible region (the initialisation region) and smaller, though
non-negligible, in the probed region [ne,min, ne,max]. The plot shows the mean error δ̄L = (1.35±0.03) cm
throughout the whole reconstruction and the mean error δ̄Lpr = (1.21± 0.04) cm in the probed region.
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Figure 6.31: Ideal initialisation procedure for the τg inversion at dPW = 10 cm: the measured τg (red)
below 18.5 GHz are set equal to the expected τg values (blue) from the profile inversion. This is unrealistic
and is used here only to isolate the sensitivity of the inversion algorithm to the initialisation choice.

Figure 6.32: Profile reconstruction with ideal initialisation at dPW = 10 cm: same plots as Figure 6.30
but using the ideal τg values below 18.5 GHz. The error in the initialisation region is now negligible
(δ̄L = (0.07± 0.01) cm), and the error in the probed region drops significantly δ̄Lpr = (0.25± 0.01) cm.
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As a final positive note, Figure 6.33 shows the best profile reconstruction among
the various attempts (dPW = 15 cm). From the analysis of the errors, it is
possible to see how the discrepancy is kept below the 1-cm threshold across the
reconstructed profile. The result obtained at 15 cm does not reflect any par-
ticular physical behaviour, and it is not robust; however, it suggests that even
with a rough initialization, the edge density profile can still be partially recon-
structed, thus confirming the adequate integration of the diagnostic despite the
clear limitations of the O-mode configuration.

Figure 6.33: Best reconstruction performance with the rough linear initialisation (dPW = 15 cm): the
image shows the recovered profile (red) vs implemented (black) on the left, with absolute position error δL
well below 1 cm across the whole profile on the right.
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Discussion and final remarks

The measurement of the group delay is coherent with expectations, and the system
is capable of evaluating the correct mirror position with high accuracy (< 1 cm)
both experimentally and numerically, thus validating the proper performance of
RFX-mod2 PPR in the expected geometrical conditions. This chapter provides a
summary and a brief discussion of the main experimental and numerical results
obtained throughout the thesis. Alongside the most relevant findings, in the next
Chapter 8, future perspectives and possible improvements are also provided in
view of the forthcoming start of RFX-mod2, foreseen for the next few years.

7.1 Experimental results

The experimental characterization of the system proved successful: the waveguide
dispersive contribution was properly isolated by means of a directional coupler,
modelled and subtracted from the original signal (Section 5.2.1), thus recovering
a flat group delay trend expected in the absence of dispersion. The measurement
of the group delay in Section 5.2 showed excellent linear correlation with the mir-
ror position and enabled a proper calibration procedure. The reconstruction of
the mirror-antennas distance yielded optimal results with millimetre-scale errors
that fell well under the ≃ 1 cm accuracy threshold required for a reflectometry
system. These were mainly characterised by a ≃ 3 mm accuracy (Section 5.2.2)
comparable with the assumed systematic uncertainty (5.9) on the antenna mouth
reference position. The residual stochastic contribution fell within ≃ 1 mm and
is consistent with the error obtained from the differential analysis (Section 5.2.3)
for consecutive mirror shifts. No significant discrepancies are found either in
terms of deviation from the focal position (Section 5.2.3) or between the tilted
and non-tilted configurations (Section 5.3), confirming the minimal impact of an-
tenna geometry for plane mirror applications. The most severe detriments were
observed for large mirror inclination angles (≃ ±20◦ and ±30◦), mimicking large
plasma surface curvatures. This demonstrates how perpendicular beam propaga-
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tion represents, as expected, the most relevant factor influencing the reflectometric
measurements and the most critical limitation for applications in fusion devices,
since the imperfect geometrical alignment causes the beam to diverge. Neverthe-
less, an error < 1 cm is recorded for the [−15◦, 15◦] angular interval, thus ensuring
a partial resilience of the system for modest distortions.

7.2 Numerical results

The numerical assessment of the system provided interesting results: the mirror
simulation (Section 6.2) showed good agreement between the measured and ex-
pected group delays once the effects of the waveguides and the antennas were
subtracted. The error in position reconstruction was well below the 1 cm-target
accuracy and on the order of ≃ 1 mm, consistent with the stochastic error contri-
bution in the experimental counterpart (Section 5.2.2, 5.2.3). This was recorded
both without and with the first wall (≃ −0.6 mm and ≃ −2.4 mm, respectively),
thus demonstrating the proper performance of the system even when the complex
wall structure is integrated and the rise of spurious reflections is more likely (espe-
cially when the mirror was placed very close to the antennas). A similar result was
obtained by employing a monostatic configuration (≃ 2.3 mm and ≃ 2.0 mm),
which can represent a valid alternative for plane mirror applications.
The optimal comparison between experimental and numerical outcomes is a re-
markable result, demonstrating that a simplified diagnostic model integrated into
the simulation framework can still provide a reliable investigation of the occurring
physical effects, a consistent identification of the dominant sources of error, and
an overall validation of the signal processing pipeline (signal extraction, low-pass
filtering, dispersion subtraction). The consistency between NOWALL and WALL
configurations represents another fundamental result of the thesis, confirming the
correct integration of the diagnostics in the HFS sector of RFX-mod2.

As for the plasma part (Section 6.3), Tokamak scenarios require the PPR to be em-
ployed in X-mode, and a complete numerical assessment of the profile reconstruc-
tion cannot be obtained in this case. On the other hand, O-mode reflectometry
simulations are more realistic for the RFP case. For these reasons, considering
the latter scenario in the expected Tokamak geometric conditions, REFMUL3
simulations can still provide interesting results.
The manipulated SHAx-like profile configuration allowed for the extraction of a
measured group delay, thanks to its K band-accessible adapted density. The first
scenario, located at a plasma-wall distance dPW = 0 cm, was rather close to the
first wall and proved not to be optimal for the bistatic system, yielding a group
delay measurement that was dominated by double plasma-wall reflection. To ac-
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count for this effect, a η = 1
2 rough correction factor was applied, and a significant

improvement (from ≃ 44% to ≃ 13% relative discrepancy) was recorded. To be
more consistent with the optimal Tokamak plasma scenarios, which are expected
to be significantly farther from the wall, the horizontal shift of the plasma column
has turned out to be the best strategy to investigate PPR performance in more
realistic conditions. This was done by simply increasing the distance to values
comparable to the Tokamak ones (dPW ≃ 20-30 cm). As in the mirror case, the
system showed a consistent response at various plasma-wall distances and proved
capable of correctly evaluating the group delay associated with the reflection layer,
featuring a relative discrepancy below 3%.
A final investigation concerned an attempt at profile reconstruction (Section
6.3.5), which is limited by the O-mode-specific lack of group delay data for prob-
ing frequencies below 18.5 GHz, leading to a non-negligible error contribution to
the final profile reconstruction. To quantify and discuss this effect, two different
initialisation procedures were applied, and the corresponding final reconstructions
were compared. First, a linear ramp was introduced, leading in the worst case
(dPW = 10 cm) to a reconstruction error above the 1 cm threshold. Then, an ideal
initialisation was performed by imposing the group delay at lower frequencies to
perfectly match the true profile, and a significant reduction in the reconstruction
error was recorded. This latest result is highly unphysical, but it demonstrates
the strong sensitivity of the reconstruction procedure to the choice of the initial-
isation and the need for additional edge density data from further diagnostics.
However, it was shown that the system is still partially capable of reconstructing
the profile, yielding some interesting results despite the clear limitations of the
O-mode configuration.
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Chapter 8

Conclusions and future perspectives

The thesis provides a comprehensive performance assessment of the HFS reflec-
tometric system for the forthcoming RFX-mod2. The validity of the combined
experimental and numerical approach is validated and can serve as a benchmark
for future investigations.
The HFS PPR system’s performance has been validated and ensures optimal
working behaviour under the most promising conditions, where the probing beam
is normally incident on the reflecting surface. At larger surface inclinations, the
tilted nature of the bistatic HFS set-up still grants good resilience for lower incli-
nation angles ([−15◦, 15◦]), thus demonstrating its flexibility in accepting a low
degree of distortion.

Once RFX-mod2 is operational, it is necessary to investigate PPR performance
under real Tokamak scenarios featuring non-ideal magnetic structures. This al-
lows for the gathering of interesting results that can address some of the issues
related to the development of a reflectometry-based plasma control, as well as
evaluate the robustness of such a technique in a flexible environment.
The integration of other diagnostics for calibration and LCFS identification (Thom-
son scattering, interferometry, etc.) is another open challenge to be tackled in real
plasma discharges. Finally, the development of a real-time architecture will rep-
resent the last step in fully exploiting the PPR system’s potential.
The Tokamak applications of RFX-mod2 can thus serve as a test framework for
demonstrating, on a smaller scale, the applicability of reflectometry for horizon-
tal and vertical position control purposes in view of future applications on larger
machines (DTT, DEMO).

For RFP applications, ultrafast sweeping reflectometry is crucial to investigate
the mechanism that regulates the physics of the edge. The HFS system can, in
principle, be applied in O-mode configuration for DPR measurements, but it re-
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quires additional edge diagnostic data (for example, edge density measurements
from the Thermal Helium Beam diagnostics) to provide a proper initialisation
procedure and improve the quality of the profile reconstruction.

In summary, the RFX-mod2 reflectometric system, together with the flexible na-
ture of the machine, represents a huge opportunity to perform studies on several
edge physical phenomena and to tackle some of the most relevant open problems
associated with PPR, in light of similar challenges that will be faced in future
experiments.
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