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R E S U M E N

Esta tesis doctoral aborda varias investigaciones para la detección de axiones y para
la mejora de comunicaciones satelitales mediante el uso de cavidades resonantes en
tecnología guía de onda. El axión es una partícula hipotética teorizada para resolver el
problema CP fuerte (Charge conjugation Parity symmetry) en la cromodinámica cuántica
(QCD) y que, de existir, podría ser componente de la materia oscura. En esta línea, el
desarrollo de detectores axiónicos de materia oscura, comúnmente denominados halosco-
pios, se ha encontrado en auge en los últimos 20 años. En este trabajo se han desarrollado
diversos métodos para la mejora de estos haloscopios empleando estructuras basadas
en subcavidades conectadas por irises. Por otro lado, es bien sabido que el espectro
electromagnético en las comunicaciones por satélite se encuentra saturado debido a la alta
demanda de radiocomunicaciones hoy en día. Además, el coste de puesta en órbita de un
satélite crece exponencialmente con el peso abordo de éste, cuya reducción será clave en
cualquier programa espacial. Así, en esta tesis se abordan diversos diseños de filtros paso
banda en guía de onda para la optimización del peso, volumen y huella abordo de los
futuros satélites de comunicaciones.

El espectro frecuencial barrido por la comunidad axiónica en busca de la ansiada partí-
cula (el axión) es cada día mayor y hace que exista una alta competencia para participar en
esta búsqueda con detectores de altas prestaciones. Además, las condiciones extremas a
las que debe ser sometido un detector de axiones de materia oscura para que se cumplan
las condiciones de detección (temperaturas criogénicas, campo magnetoestático alto, etc.)
complican aún más esta tarea. Algunos de los parámetros que rigen el rendimiento de un
haloscopio basado en cavidades resonantes son su volumen, factor de calidad y factor de
forma. Durante la elaboración de este trabajo se han diseñado, fabricado y caracterizado
diversas topologías novedosas para la creación de estos detectores, optimizando los tres
parámetros mencionados, consiguiendo resultados satisfactorios. Esta tesis doctoral ha
sido realizada en el marco de trabajo del grupo axiónico RADES (Relic Axion Detector Ex-
ploratory System). Se han llevado a cabo tareas de investigación para la mejora del factor
de calidad en estructuras fabricadas en las primeras etapas por este grupo experimental
mediante la aplicación de diversos tratamientos, como la aplicación de soldaduras.

Además de la optimización de los parámetros en haloscopios, estos necesitarán escanear
un espectro de frecuencias, como se ha mencionado anteriormente, para lo cual se deberá
implementar sistemas de sintonía que permita el cambio de frecuencia de resonancia y
otros sistemas para el ajuste del acoplamiento de entrada / salida del sistema (otro de
los parámetros críticos del detector). Existen dos tipos de sintonía frecuencial, mecánica
y electrónica. Para los sistemas de sintonía mecánicos, se han realizado estudios del
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comportamiento de los prototipos fabricados cuando estos se abren mediante un corte
vertical, lo cual cambiará su frecuencia de búsqueda del axión. Por otro lado, para los
sistemas de sintonía electrónicos se han desarrollado diversos diseños para la introducción
de materiales ferromagnéticos y ferroeléctricos, que cambiarán la frecuencia de operación
mediante el cambio de permeabilidad y permitividad del medio, respectivamente, aplican-
do un cambio de voltaje o temperatura. Se ha hecho un estudio mucho más extenso para
estos últimos. Los sistemas electrónicos permiten evitar ciertos problemas que ocurren en
los de tipo mecánico, como pueden ser fallos de movimiento a temperaturas criogénicas
o la falta de escalabilidad. Para los elementos ferroeléctricos, se ha llegado a un diseño
novedoso que ha aportado gran valor a la comunidad científica para la aplicación de
este tipo de materiales en cualquier haloscopio. Además, se han desarrollado sistemas de
acoplamiento entre subcavidades con láminas ferroeléctricas, evitando la fabricación de
irises, los cuales pueden dar problemas en ciertos sistemas. Para los sistemas de ajuste
de acoplamiento de entrada / salida, se ha desarrollado un prototipo preliminar que ha
aportado buenos resultados experimentales. Asimismo, se han llevado a cabo otras tareas
de investigación para el desarrollo de otras técnicas de mejora de haloscopios. Una de
ellas es la del rechazo de resonancias no deseados cerca del modo axiónico por medio de
la combinación de varios puertos coaxiales con el método phase-matching, para el cual se
han realizado diversas simulaciones y fabricaciones, extrayendo resultados positivos que
hacen viable dicho método. Otros estudios secundarios han sido los de la implementación
de QuBits para reducir la temperatura del sistema (parámetro clave para el rendimiento),
el uso de elementos HTS (High Temperature Superconductor) para aumentar el factor
de calidad, el diseño de haloscopios a frecuencias en las bandas UHF y W, y el análisis
electromagnético del acoplamiento axion-photon en haloscopios mediante el método
BI-RME (Boundary Integral-Resonant Mode Expasion) 3D.

Finalmente, como spin-off del desarrollo de haloscopios, se han realizado diversos
estudios para el diseño, fabricación, caracterización y mejora de filtros paso banda para co-
municaciones satelitales empleando la misma tecnología (cavidades resonantes acopladas
por irises en guía de onda). Se ha han desarrollado varios filtros evanescentes basados en
impresión 3D o fabricación aditiva de bajo coste, y mecanizado CNC (Computer Numeri-
cal Control). A estos filtros se les ha aplicado un sistema de sintonía de tornillos que ha
permitido la mejora de la respuesta eléctrica de filtrado. Por otro lado, se ha llevado a cabo
el diseño de un filtro asimétrico doblado horizontalmente para la implementación de ceros
de transmisión, consiguiente un alto rechazo fuera de la banda de paso. Estos filtros son
gran valor para la comunidad científica ya que permiten avanzar en el estado del arte de
filtros con altas prestaciones (bajo peso, volumen y huella) para comunicaciones satelitales.

• Palabras clave: axiones; detectores de materia oscura; haloscopios; interacción axion-
photon; cavidades resonantes; ferroeléctricos; sintonización; acoplamientos; filtros pa-
so banda; filtros de microondas; filtros resonadores; filtros de guía de onda; ceros de
transmisión; guía de ondas de modo evanescente; impresión 3D.
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A B S T R A C T

This PhD thesis addresses several investigations for the detection of axions and for the
improvement of satellite communications using resonant cavities in waveguide technology.
The axion is a hypothetical particle theorized that could explain the strong CP problem
(Charge conjugation Parity symmetry) in quantum chromodynamics (QCD) and which, if
it exists, could be a component of dark matter. In this line, the development of axion dark
matter detectors, commonly called haloscopes, has been booming in the last 20 years. In
this work, several methods have been developed for the improvement of these haloscopes
using structures based on subcavities coupled by irises. On the other hand, it is well
known that the electromagnetic spectrum in satellite communications is saturated due
to the high demand for radio communication systems. In addition, the cost of putting a
satellite into orbit grows exponentially with the weight on board, the reduction of which
will be key in any space program. Thus, this PhD thesis deals with different waveguide
bandpass filter designs for optimizing the weight, volume, and on-board footprint of
future communication satellites.

The frequency spectrum swept by the axion community in search of the coveted
particle is increasing day by day, which means that there is a high level of competition
to develop high-performance detectors. In addition, the extreme conditions to which a
dark matter axion detector must be subjected in order to meet the detection conditions
(cryogenic temperatures, high magnetostatic field, etc.) further complicate this task. Some
of the parameters that govern the performance of a haloscope based on resonant cavities
are its volume, quality factor and form factor. During the development of this work,
several novel topologies have been designed, manufactured, and characterized for the
creation of these detectors, optimizing the three above-mentioned parameters, achieving
satisfactory results. This PhD thesis has been carried out within the framework of the
RADES (Relic Axion Detector Exploratory System) axion group. Research work has been
carried out to improve the quality factor in structures manufactured in the first stages of
this experimental group through the application of various treatments, such as soldering.

In addition, as the axion mass is unknown, it is important to scan in frequency to
search for the axion over a range as large as possible, as mentioned above, for which
tuning systems must be implemented to allow resonant frequency shift and other
arrangements for adjusting the input / output coupling of the system (another key
haloscope parameter). There are two types of frequency tuning, mechanical and electronic.
For mechanical tuning systems, studies have been carried out on the behaviour of the
fabricated prototypes when they are opened by a vertical cut, which will change their
axion search frequency. On the other hand, for electronic tuning systems, various designs
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have been developed for the introduction of ferromagnetic and ferroelectric materials,
which will change the operating frequency by changing the permeability and permittivity
of the medium, respectively, by applying a change of voltage or temperature. A much
more extensive study has been made for the use of ferroelectric tuning systems. Electronic
systems avoid certain problems that occur in mechanical systems, such as motion failure
at cryogenic temperatures or lack of scalability. For ferroelectric elements, a novel design
has been achieved which has brought great value to the scientific community for the
application of this type of material in any haloscope. Also, coupling systems have been
developed between subcavities with ferroelectric films, avoiding the need to manufacture
irises, which can cause problems in certain systems. For the input / output coupling
adjustment systems, a preliminary prototype has been developed which has provided
good experimental results. Other research works have also been carried out on the
development of other haloscope enhancement techniques. One of them is the rejection of
unwanted resonances near the axion mode by means of the combination of several coaxial
ports with the phase-matching method, for which several simulations and fabrications
have been carried out, obtaining positive results that make this method feasible. Other
secondary studies have been the implementation of QuBit devices to reduce the system
temperature (another key parameter for haloscope performance), the use of HTS (High
Temperature Superconductor) elements to increase the quality factor, the haloscope design
at frequencies in the UHF and W bands, and the electromagnetic analysis of axion-photon
coupling in haloscopes using the BI-RME (Boundary Integral-Resonant Mode Expansion)
3D method.

Finally, as a spin-off from the development of haloscopes, several studies have been
carried out for the design, manufacture, characterization, and improvement of bandpass
filters for satellite communications using the same technology (resonant cavities coupled
by irises in waveguide). Several evanescent filters based on 3D printing or low-cost
additive manufacturing and CNC (Computer Numerical Control) machining have been
developed. A screw tuning system has been applied to these filters to improve the
electrical filtering response. On the other hand, the design of a horizontally folded
asymmetric filter for the implementation of transmission zeros, to increase the rejection
capabilities of the filter, has been carried out. These filters could be of great value to the
scientific community as they allow to advance in the state of the art of high-performance
filters (low weight, volume, and footprint) for satellite communications.

• Keywords: axions; dark matter detectors; haloscopes; axion-photon interaction; res-
onant cavities; ferroelectrics; tuning; couplings; bandpass filters; microwave filters;
resonator filters; waveguide filters; transmission zeros; evanescent mode waveguide;
3D-printing.
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1
I N T R O D U C T I O N

1.1 state of the art

Both particle physics and cosmology are very interested in the discovery of the axion. The
axion is a hypothetical pseudoscalar particle [1, 2] that was first proposed to clarify why
the strong interactions preserve Parity (P) and Charge conjugation times Parity (CP) [3]. A
parity transformation (also known as a parity inversion) in physics is the flipping of the
sign of one spatial coordinate. On the other hand, charge conjugation is a transformation
that replaces all particles with their corresponding antiparticles, altering the sign of all
charges: not just electric charges, but also charges relevant to other forces. The term CP

then refers to the combination of charge conjugation symmetry and parity symmetry. In
the case of the axion, this particle would be a candidate for Cold Dark Matter (CDM) if its
mass were in the range of 1− 1000 µeV [4]. The axion is now the most plausible candidate
for the composition of CDM, and this has led to a profusion of searches throughout the
globe. This is due to recent reductions in the accessible parameter space for the Weakly
Interacting Massive Particles (WIMPs), which are hypothetical particles candidates to be
dark matter. There is no official definition a WIMPs particle, but in general, it is a new
elementary particle that interacts with gravity and any other force (or forces) that may or
may not be part of the Standard Model (SM) [5].

Axions are believed to have a weak electromagnetic (photons) and Dirac fermionic (nuc-
leons, electrons, ...) coupling in addition to their gravitational interaction with baryonic
matter. In this PhD thesis, efforts are concentrated on the axion coupling into two photons
provided by the Lagrangian density

Laγγ ∝ gaγa~E · ~Be, (1.1)

where gaγ is the axion-photon coupling coefficient, a the axion field, ~E the electric field
generated by the axion, and ~Be the external magnetic field (magnetic flux density).

It has become clear that the axion detection is quite difficult. In the past, it was believed
that CDM axions were invisible to all detection methods due to their extremely weak
interactions with matter and radiation and lifetimes that are far larger than the duration
of the universe [5]. However, the pursuit of axion-photon coupling has evolved over the
last thirty years, with three distinct detection approaches used depending on the origins
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of these particles and their estimated masses. Sikivie [6] suggested two of them in the
mid-1980s, axion helioscopes and haloscopes based on the inverse Primakoff effect [7]. The
other, the Light Shining through Walls (LSW) experiment [8–10], is based on both direct
and inverse Primakoff effects. Helioscopes and haloscopes detect axions from natural
sources (such as the sun and relic axions, respectively, being the latter the axions that
originated in the early era of the universe and lying nowadays in the galaxies), whereas
LSW produces axions on its own in the laboratory.

An optical barrier separates two Fabry-Perot cavities in the LSW experiment. The
first cavity generates axions, which are detected in the second cavity. The axion-photon
coupling is used for both creation and detection [9].

Experiments with helioscopes hunt for axions created by the inverse Primakoff effect in
the inner layers of the Sun from plasma photons. Following preliminary experiments at
the Brookhaven National Laboratory (BNL) in 1992 [11] and in the SUMICO experiment
in Japan [12–14], the third generation CERN Axion Solar Telescope (CAST) experiment
achieved the best results in this type of detection to date, with limits for axion-photon
coupling of < 6.6× 10−11 GeV−1 in the mass range < 0.02 eV [15], and < 2.3× 10−10 GeV−1

for 0.02 eV < ma < 0.64 eV [16]. The International AXion Observatory (IAXO) experiment
will be the start of the future of solar axion research [17].

An axion haloscope detector converts axions to photons via the inverse Primakoff effect
in a microwave cavity immersed in a high static magnetic field. The Relic Axion Detector
Exploratory Setup (RADES) collaboration began in 2016, bringing together research groups
from Spanish universities and research organisations as well as Conseil Européen pour
la Recherche Nucléaire (CERN) researchers. The reference [18] includes a full state of the
art report on the many axion detection experiments that have been completed or are in
the process of being developed and executed. Secondly, the references [19–21] provide
updated and comprehensive evaluations. The goal of the RADES teamwork is to find the
axion in our galactic halo, which is a candidate for forming dark matter [22, 23]. As
a result, the experiment should obviously be based on a haloscope configuration. The
main goal of haloscope studies is to discover axions in the galactic halo by encouraging
axion-photon conversion in the presence of a strong magnetostatic field. When this con-
version happens in a resonant device, such as a microwave resonant cavity, the strength
of the electromagnetic field is increased. Furthermore, because of the predicted extremely
low axion-photon coupling and therefore the electromagnetic power to be detected, it is
necessary to work under cryogenic limits to decrease the thermal noise and thus boost the
signal to noise ratio (S/N).

The Axion Dark Matter eXperiment (ADMX) team had already finished the exploration
successfully in the 1.9 − 3.65 eV mass range (460 − 890 MHz) at the beginning of the
RADES group, with exclusion limits attaining those of the Kim-Shifman-Vainshtein-
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Zakharov (KSVZ) model [24]. It profited from the knowledge gained from two novel
experiments at BNL [25] and the University of Florida [26]. The prospects of the advanced
prototype (ADMX-Gen2) have the potential to achieve the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) model in the 1.4− 25 eV axion mass range [24].

Since the beginning of the RADES collaboration [27], there has been a significant increase
in research with cavity haloscopes with many new resonant cavity ideas, such as the KLoe
magnet for Axion SearcH (KLASH) project [28] at lower axion masses than ADMX, and the
teams Haloscope At Yale Sensitive To Axion Cdm (HAYSTAC) [29], Oscillating Resonant
Group AxioN (ORGAN) [30], QUaerere AXions (QUAX) [31] and Center for Axion and Pre-
cision Physics (CAPP) [32].

1.2 objectives

The main goal of this PhD thesis is to evolve the RADES haloscope structures to be more
competitive in the axion community. For this purpose, several prototypes have been
studied, designed, and manufactured for testing novel concepts. In order to develop the
haloscope design theory, an exhaustive investigation has been carried out to find the
boundaries in the improvements of the key haloscope parameters: volume, quality factor
and form factor. This study tries to serve as a guide to improve the design of a haloscope
cavity at any searching frequency. In addition, several prototypes have been produced
for the validation of the theoretical results. On the other hand, in order to gain more
experience in the field of multicavity design and fabrication for axion search purposes,
another goal of this PhD thesis is the testing and implementation of various treatments on
the first structures of the RADES group.

In addition, the development of an input / output coupling readjustment system
and an electronic frequency tuning system using ferromagnetic materials has also been
pursued. Another major objective of this work has been the design of an electronic tuning
system based on ferroelectric materials. Also, this technology has been employed for the
improvement of the interresonator irises needed in multicavity haloscopes.

On the other hand, as a minor target in the PhD thesis more investigations for enhan-
cing other concepts in the RADES group have been carried out. Several studies (including
experimental results) have been conducted for the development of a technique that rejects
unwanted modes by the use of the phase-matching method, combining ports in a single
haloscope. This group has focused until two years ago on the search for axions at X-band
frequencies. Recently, however, new prototypes have been developed working at lower
(UHF-band) and higher (W-band) frequencies to cover other frequency spectral ranges.
In addition, other improvements in the haloscope experiment design have been realized:
High Temperature Superconductors (HTS) structures (to enhance the quality factor of the
resonances) and QuBit systems (to improve the thermal noise decreasing the cryogenic
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temperature limit). Also, an efficient full-wave modal technique has been studied for the
analysis of the electromagnetic coupling axion-photon in a haloscope cavity due to an
axion field: the Boundary Integral-Resonant Mode Expansion (BI-RME) 3D method.

Finally, a spin-off from the multicavity haloscope designs has emerged. These structures
based on several cavities interconnected by window irises are very commonly employed
in RadioFrequency (RF) bandpass filters for satellite applications. The development of
several of these filters was another important goal in this PhD thesis which has been
carried out along with manufacturing and testing.

1.3 thesis outline

This PhD thesis is structured as follows:

Chapter 1 provides an introduction to this PhD thesis including the state of the art, object-
ives and the structure in which it is organised.

Chapter 2 presents the theoretical basis for dark matter axions and the systems that aim to
detect them. Also, the principles of the bandpass filters for satellite communications
and its connection with the haloscope designs are detailed.

Chapter 3 states the advances realised in this work in the haloscope parameters (volume,
form factor and quality factor). A novel and adjustable external port system is presen-
ted. In addition, the description of the systems developed in the RADES group for the
haloscope designs is provided.

Chapter 4 shows a detailed discussion of the electronic tuning system generated from
this PhD thesis with the use of ferroelectric materials. There is also presented how
these elements have been employed as interresonator couplings to replace the iris
windows (which often cause problems in manufacturing) allowing the adjustment of
the coupling value, thanks to the possibility of varying their electrical properties.

Chapter 5 points secondary studies that have arisen from the need to further improve
haloscope designs and explore other regions of the spectrum where axions could
be found. Also, a full-wave modal method has been investigated for the efficient
analysis of the axion-photon coupling in a haloscope structure.

Chapter 6 details the properties and development of the bandpass filters for satellite com-
munications. Experimental results are exposed in this chapter, testing the perform-
ance compared with theory and simulations.

Chapter 7 concludes this PhD thesis. It begins by summarising the work efforts. Then,
there are addressed in detail various subjects and areas with regard to the haloscope
design that may be relevant for future research efforts, and there are highlighted
potential features that have not been completely explore.
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2
T H E O R E T I C A L M O T I VAT I O N

2.1 dark matter

Physics has long attempted to answer Nature’s most fundamental questions. With the
advancement of technology over the last century, physicists have been able to examine
subatomic processes in ways that were unimaginable previously. Thanks to the theoretical
formalism along with the experimental results, the development of a model that explains
the many forces, matter components, and their interactions was possible: the SM, which is
the best characterization of subatomic physics so far. The fermions (quarks and leptons)
that make up known matter and the gauge bosons that convey particle interaction
(ElectroMagnetic (EM), strong and weak forces) are the elements of the SM. However, today
there are numerous phenomena that the SM cannot clarify (like gravity). Despite this, new
concepts and models are being studied and discovered, like the prediction in 1960 and
subsequent discovery in 2012 (at CERN) of the Higgs boson, which justify the particle
masses. These new discoveries involve an extension of the SM [5].

Although the axion was initially proposed for another purpose (CP problem), it was
subsequently determined that the particle would be an outstanding candidate for CDM

in our universe, which arises from a model that parameterize the evolution of the Big
Bang. Researchers discovered evidence that just 5 % of our galaxy mass is related to
visible or ordinary matter (recollected in the SM). The remaining 95 % is made up of two
undetected elements known as dark matter (25 %) and dark energy (70 %). The former is
made up of one or more undiscovered massive particles that interact only by means of
gravitational forces. The latter is even less perceptible and it is seen as an evenly dispersed
field throughout space, giving birth to a repulsive force that counterbalances gravity and
causes the universe to expand [33]. The rotating velocity of particles at various distances
in some galaxies, which deviates from Keplerian expectations, provides evidence for
dark matter (see Figure 2.1). Vera Rubin, an American astronomer who pioneered the
measurement of star rotation inside a galaxy, was the first to discover this phenomena
[34]. Her observations revealed that galaxy rotation curves remained flat, contradicting
the theoretical model and providing the most direct and robust evidence for dark matter
existence. Beyond the cluster bulge of these galaxies, the velocity is nearly constant. The
findings strongly suggested a huge amount of non-observable matter. Another sign of
this element is the high gravitational distortion of light from remote galaxies (gravitational
lensing) [35]. In Figure 2.2, an image of the galaxy cluster SMACS 0723 taken with the
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James Webb Space Telescope of the National Aeronautics and Space Administration (NASA)
is shown, where gravitational lensing of light is evident without a clear logic. Weak
lensing analyses anticipate several times more mass than is really present. In addition,
there are other evidences that support the idea of dark matter (like the Cosmic Microwave
Background Anisotropy [36]). Nevertheless, current physics theories are unable to address
the problems of what dark energy is and what dark matter is made of, whose finding
could imply the discovery of the millennium in Physics.

Figure 2.1: Rotation curve of the M33 galaxy. Taken from [37].

Figure 2.2: Deep field image of the the galaxy cluster SMACS 0723 from the James Webb Space
Telescope of the NASA. This picture supposes the deepest and sharpest infrared image
of the distant universe so far by the date of the publication of this PhD thesis. The
combined mass of this galaxy cluster acts as a gravitational lens. Taken from [38].

Observations in cosmology and astrophysics have revealed that dark matter has played
an essential role in the evolution of our universe. Dark matter interacts with conventional
matter via gravitational force, and hence plays an important role in the construction of the
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cosmic structures visible today. However, no evidence of a non-gravitational interaction
between dark matter and conventional matter has been found thus far. The term dark
refers to the fact that it does neither absorb or emit radiation in any substantial way across
the EM spectrum. Additionally, dark matter must have a lengthy lifetime in order to yield
the findings observed from all cosmic time scales until today.

Various alternatives within and outside the SM have been presented since the hypothesis
of dark matter’s theory. The bulk of these choices, however, were ruled out by observation
or experimental results [39]. Several dark matter hypotheses remain viable, with WIMPs

and the axion regarded as the most powerful. Figure 2.3 depicts the candidates that could
be dark matter today.
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Figure 2.3: Landscape of the dark matter candidates. Image credit: Tim M. P. Tait, University of
California, Irvine (2016).

WIMPs are made up of a set of hypothesised particles that were created thermally in
the primitive Universe, such as the neutralino and the gravitino. Supersymmetry predicts
the most significant WIMPs ideas that are currently feasible. Current experiments have
imposed significant limits on WIMPs [40] and supersymmetry [41], proposing that the
theory may need more refinement.

Axions were initially proposed as dark matter in 1983 [4]. Because of its easy extension
of the SM, the axion particle naturally contains all of the features of dark matter, and it is a
preferred candidate due to its straightforward solution to the strong CP problem. The axion
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is theorized to form a Bose-Einstein condensate, which might differentiate it from other
CDM solutions due to their phase space structure, which is corroborated by astronomical
observations [42]. String theory has recently improved the theory of CDM axions in addition
to other hypothetical particles known as Axion-Like Particles (ALP).

2.2 axions

The axion is a hypothetical pseudoscalar particle that was first proposed to explain why
P and CP are maintained by strong interactions within the context of the SM of particle
interactions. The Quantum ChromoDynamics (QCD) Lagrangian contains a CP symmetry
breaking the element [43]

L = ... +
θ̄g2

16π2 Ga
µνG̃aµν + ..., (2.1)

where θ̄ ∈ [−π,+π] is a parameter that arises from the non-abelian gauge theory [44, 45]
and Ga

µν is the gluon field strength tensor and G̃aµν is its dual.

Since the neutron is made of quarks, it should show the CP symmetry violation
as well. The presence of an electric dipole moment in this particle would, in fact,
break the CP symmetry, and the strength of the moment might be used to calculate θ̄

[46–48]. So far, no tests have found a neutron electric dipole moment, with an upper
bound, at 90% confidence interval, of 3 × 10−26 e-cm [49, 50]. The calculated θ̄ upper
limit is ∼ 10−10 rad, which is several orders of magnitude less than projected. This ex-
ceedingly narrow upper restriction on this parameter is referred to as the strong CP problem.

Peccei and Quinn (PQ) [3] suggested an answer to this issue. Their solution is based on
introducing to the early universe a new U(1) symmetry, where making field-dependent
term a/ fa, θ̄ acquires a dynamical behaviour, being a a complex pseudo-scalar field
produced by the symmetry and fa an energy scale (directly related with temperature).
When the cosmos cooled below fa, the PQ symmetry was spontaneously broken, leading
a to gain a minimum value and θ̄ to zero. Independently, Weinberg [1] and Wilczek
[2] demonstrated that breaking the PQ symmetry resulted in the production of a new
Goldstone boson known as the axion.

The axion mass results from the violation of PQ symmetry by instanton effects and it can
be approximated as [5]

ma ≈ 6
106 GeV

fa
. (2.2)

The PQ symmetry was originally thought to break surrounding the weak scale, about
fa ≈ 250 GeV, resulting in the mass of the axion of ma ≈ 100 keV [51]. This is the
so-called Peccei-Quinn-Weinberg-Wilczek model, which has been ruled out thanks to
some experiments [52].
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Nowadays models enable the energy scale to be several orders of magnitude greater
than the weak scale, which predicts a significantly lower axion mass from the previous
model. Furthermore, as fa grows, so does the difficulty of finding the axion. The KSVZ

model [53, 54] and the DFSZ model [55, 56] are the two most widely recognised axion
models nowadays.

On the other hand, axions would need to be numerous at all time scales in the
post-inflationary cosmos to solve the strong CP problem. Generally, axions created by the
breaking of the PQ-symmetry would be non-baryonic, non-relativistic and collisionless.
The gravity forces dominate the axion particle, which has an exceedingly weak coupling to
the electromagnetic and weak forces. As a result, the axion produced by the Peccei-Quinn
mechanism that solved the strong CP problem is a suitable aspirant for dark matter.

The PQ-symmetry breaking theory does not predict the mass of axions, however
astronomical observations and particle physics experiments have restricted the fa, and
consequently ma. The lifetime of the neutrino burst from the supernova SN1987A estab-
lished the bottom bound of fa & 109 GeV [51]. The highest limit is set by the cosmic
energy density issue. The cosmic energy density of axions grows as the axion mass drops;
if fa & 1012 GeV, the axion energy density would be too high causing the collapse of the
primordial universe (overclosure) [22, 23, 57]. This leads to an approximate axion mass
range of ma ∈ [1, 1000] µeV.

The axion was previously thought to be undetected due to its weak coupling to the SM

particles and forces, giving birth to the term invisible axion. The different couplings vary
depending on the model but, at the dark matter mass range, for all the axion models the
coupling to SM particles and forces is . 10−12 GeV−1, and frequently much lower [58]. The
natural lifespan of an axion is proportional to its mass by

τaγγ ≈
(

105 eV
ma

)5

sec. (2.3)

The decay period to convert to a SM particle for CDM axions within the permitted range
of masses is several orders of magnitude higher than the age of the universe, implying
that dark matter axions are undetected.

Sikivie proposed in 1983 utilising the inverse Primakoff effect to dramatically improve
the electromagnetic coupling, which led to several direct detection hypotheses of the
axion particle [6]. The axion-photon conversion Lagrangian determines this coupling, as
indicates equation 1.1. Employing a static magnetic field B0, this Lagrangian becomes
Laγγ = gaγγa~E · ~B0. Figure 2.4 shows the axion-photon conversion in two scenarios:
vacuum and static magnetic field. The presence of a magnetic field boosts this conversion,
providing to the axion a significant higher lifetime compared to the vacuum case.
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Figure 2.4: Axion-photon conversion represented with Feynman diagrams at: (a) vacuum, and (b)
static magnetic field B0.

For the KSVZ model, the axion-photon coupling coefficient takes gaγγ = 0.38 ma
GeV2 [53,

54], while for the DFSZ model this parameter acquires a value of gaγγ = 0.14 ma
GeV2 [55, 56].

Due to the non-relativistic nature of axion dark matter, the photon frequency of the
axion-photon conversion can be computed by [24]

f ≈ mac2

h
, (2.4)

where c = 2.99792458 × 108 m/s is the speed of light in vacuum and h =

6.62607015 × 10−34 m2Kg
s is the Planck constant. In this equation, the axion mass ma

is expressed in Kg, and it can be converted to eV by 1Kg = 5.60958616 × 1035eV. The
frequency f is expressed in Hz.

Two experiments were suggested by Sikivie based on direct detection, the haloscopes
and the helioscopes, employing the inverse Primakoff effect. For the haloscope case, it
is employed a microwave cavity immersed in a high static magnetic field to boost the
axion-photon conversion and to facilitate its detection. On the other hand, the helioscope
detectors are telescopes immersed in a high magnetic field that transform solar axions
(that are not CDM axions) created at the inner layers of the sun into photon.

Currently, the most competitive axion detectors are the ADMX [24], for the haloscope
case, and the CAST [15] (now decommissioned) and the IAXO [59], for the helioscope case.
The latter is a near-future project that will start with a first prototype called BabyIAXO
[59], which will be used for both helioscope and haloscope experiments, as in the CAST

magnet. Cryogenic devices are used in both detectors to decrease the background noise
and gain a very sensitive signal at the detection. Figure 2.5 shows that there is still a
considerable portion of the axion-photon coupling space that is unexplored. The axion
distinct phenomenology needs focused and specialised investigations in order to find it.

As it can be seen in Figure 2.5b, the ADMX experiment is the only haloscope detector that
has reached the KSVZ and DFSZ models. In fact, the CAPP experimental group published
recently a paper describing an axion dark matter search using a haloscope at DFSZ sensit-
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Figure 2.5: Landscape of the axion-photon coupling coefficient (gaγγ) versus the axion mass (ma)
for: (a) a wide range of axion masses, and (b) zoom in at the haloscope region. The
yellow bands show the benchmark of the QCD model, where the KSVZ and DFSZ models
lie. At the bottom of (b), several theory prediction references of the axion dark matter
mass are represented. In [60] a multitude of exclusion plots can be consulted, including
these figures.

ivity [61]. However, several advances in various haloscope groups are being made in order
to reach these models, where the axion is expected to be found with much more certainty
according to the axion theory. In this PhD thesis, it is intended to cover this aspect in the
RADES group, where sensitivities are expected to reach both models in its new generation
detectors.

2.3 haloscope design

A resonant haloscope experiment, as defined in [27] for the RADES case, consists of a
microwave resonant cavity with an applied high and static magnetic field at cryogenic
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temperatures, and connected by a port to a receiver or Data Acquisition System (DAQ) that
amplifies / filters / down-converts the signal avoiding the introducing of noise as much
as possible. This receiver also makes the Analog / Digital conversion and a Fast Fourier
Transform (FFT) for the post-processing. In Figure 2.6 an illustration of a rectangular
cavity haloscope experiment is shown. The RF signal of the cavity, ideally as a result of

B0

virtual

photon

photonaxion

Tcryo

antenna

DAQ

Low

Noise

Amplifier

B-field

Figure 2.6: Illustration of an usual cavity haloscope experiment.

the inverse Primakoff effect, is extracted by a coaxial port in this example. A Low Noise
Amplifier (LNA) is positioned out of the magnetic field, but at the cryogenic environment,
for a correct amplification before the DAQ.

A haloscope often employs a superconducting solenoidal or dipole magnet to take
advantage of its high static magnetic field. This is the case of CAST, which apart from
being used for helioscope experiments, has two dipole bores with a ∼ 9 T magnetic field
at T ≈ 1.8 K where haloscopes can be positioned for data campaigns, as depicts Figure 2.7.

Figure 2.7: CAST, a decommissioned dipole magnet of the Large Hadron Collider (LHC) mounted
in a movable system for the tracking of the sun for helioscope experiments. Inset: Front
view of the magnet when the tape is removed (opened). The two parallel cylindrical
bores of diameter φ = 42.5 mm and length L = 9.25 m, where the haloscope detectors
are inserted, can be observed here. Taken from [62].

12



Each bore has a inner (valid space to insert prototypes) diameter of φ = 4.3 cm and a
cross-section area of 14.52 cm2. Because the current carrying wires are Niobium Titanium,
the magnet becomes superconductive at temperatures below 4.5 K. It is ramped up to
13 kA current, producing an 8.8 T magnetic field across a length of 9.26 m aligned in the
transversal direction.

CAST was suggested in 1999 [63, 64] as a helioscope experiment and has been collecting
data since 2003. In recent years, RADES and CAPP, two axion haloscope teams, make use of
these two bores for searching axions. However, CAST programs were cancelled by CERN

one year ago due to lack of physics results.

Despite technical advances in X-ray detectors, the CAST sensitivity to solar axions is
severely constrained by its volume and magnetic field. Its successor, the future IAXO

experimental design, consists of a superconductive 8 coil toroidal magnet with bore
diameters of φ = 60 cm. The average magnetic field is ∼ 2.5 T, with a length of 20 m. The
IAXO experiment has the potential to outperform the existing CAST limit by more than an
order of magnitude. Currently, an intermediate step called BabyIAXO is being designed
and tested [59]. RADES cavities are expected to be mounted in the BabyIAXO and IAXO

bores in the future. Figures 2.8a and 2.8b depict a conceptual design of each magnet.

(a) (b)

Figure 2.8: (a) Conceptual design of the IAXO and (b) its intermediate experiment BabyIAXO. (a)
and (b) taken from [65] and [59], respectively.

Regardless of the magnet to be used, the major aims in the design of a haloscope exper-
iment may be summarised as maximising the received EM power from the axion-photon
interaction, optimising the haloscope sensitivity, and maximising the scanning rate over
the mass range of interest. It is therefore critical to understand the relationships between
these three factors and the design parameters.
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2.3.1 Detected power

The generated power with the axion-photon coupling in a resonant cavity haloscope may
be calculated as [66, 67]

Pg = g2
aγγ

ρa

ma
B2

e CV
QcQa

Qc + Qa
, (2.5)

where ρa is the density of the axion dark matter, V the volume of the haloscope cavity,
C the geometric or form factor, Qc the quality factor of the resonance mode in the cavity,
and Qa the quality factor of the axion resonance. The form factor is a normalised quantity
that measures the parallelism between the magnetostatic field ~Be where the haloscope is
immersed and the desired RF electric field ~E caused by the axion field at the cavity:

C =
|
∫

V
~E · ~Be dV|2∫

V ||~Be||2 dV
∫

V εr||~E||2 dV
. (2.6)

In equation 2.6, the parameter of the numerator suffers a conversion from complex
numbers to magnitude (| · | operator), while in the denominator parameters it is applied
the operator standard vector norm (|| · ||), defined in the 3D complex vector space. In
addition, the real part of the the relative permittivity or dielectric constant parameter (εr)
is included in this equation to take into account the cavity medium (for vacuum, εr = 1).

This Pg power will be divided into two parts: (1) power dissipated by the lossy cavity
(metallic walls if no lossy dielectric materials are present), and (2) extracted power by
the port experiment. For frequencies below 30 GHz, a coaxial monopole or loop antenna
coupled to a coaxial line is usually employed, which will then transmit the RF signal to the
receiver. The detected RF power at the port is obtained as

Pd = κg2
aγγ

ρa

ma
B2

e CV
QlQa

Ql + Qa
(2.7)

where κ is the external coupling at the port, and Ql is the loaded quality factor (that
considers the effect of the port). In order to achieve the maximum power transfer, a critical
coupling regime is necessary. For this purpose, the port coupling should acquire a value
of κ = 0.5, which must be maintained as long as the haloscope is taking data seeking
axions. Actually, this parameter is extremely sensitive to minor mechanical or temperature
variations. As a result, developing mechanical or electrical devices for adjusting the port
coupling at any time becomes very important or desirable.

In general, Qa (∼ 106) is much higher than Ql . This reduces the detected power to a

Pd = κg2
aγγ

ρa

ma
B2

e CVQl (2.8)
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2.3.2 Axion-photon coupling sensitivity

Another important parameter in a haloscope experiment is the signal to noise ratio, which
can be expressed as

S
N

=
Pd

PN
=

Pd

kBTsys

√
∆v
∆t

, (2.9)

given by the equation of the Dicke’s radiometer [68], where kB is the Boltzmann constant,
Tsys the noise temperature of the experimental system, ∆v the reception bandwidth and ∆t
the observation or search time. Taking into account that the reception bandwidth should
coincide with the axion resonance bandwidth (∆va =

ma
Qa

) and introducing 2.8 into 2.9, the
axion-photon coupling equation is obtained as

gaγγ =

(
S
N kBTsys

κρaCVQl

) 1
2 1

Be

(
m3

a
Qa∆t

) 1
4

. (2.10)

The axion-photon coupling can also be expressed by its dimensionless form:

Caγγ = 5 · 1015 gaγγ

(
GeV−1)

ma (µeV)
= 5 · 1015

(
S
N kBTsys

κρaCVQl

) 1
2 1

Be

(
1

Qama∆t

) 1
4

. (2.11)

From all these equations we can extract that the detected RF power only depends on
parameters that are intrinsic to the axion (gaγγ, ρa and ma) and experimental parameters in
the haloscope detector (Be, C, V and Ql). However, the axion-photon coupling relies, apart
from all the above parameters, on experimental parameters at the receiver ( S

N , Tsys and ∆t).

2.3.3 Scanning rate

The ultimate goal of a haloscope is to explore the greatest feasible mass range as fast
as possible. The sweeping of the mass spectrum can be accomplished using appropriate
tuning mechanisms (mechanically or electronically) that vary the resonance frequency of
the cavity, being the dma

dt parameter the scanning rate, referred as a haloscope figure of
merit.

The axion mass range examined in a data campaign employing a cavity which resonance
is centred at ma, is equivalent to the cavity bandwidth:

dma =
ma

Ql
. (2.12)

On the other hand, from equation 2.9, the necessary time for achieving a specific S
N value

can be extracted:

dt =
ma

Qa

(
S
N kBTsys

Pd

)2

. (2.13)
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Thus, the scanning rate can be expressed as

dma

dt
=

Qa

Ql

(
Pd

S
N kBTsys

)2

= QaQlκ
2g4

aγ

(
ρa

ma

)2

B4
e C2V2

(
S
N

kBTsys

)−2

. (2.14)

2.4 waveguide coupled cavities as haloscopes

To summarise the previous section, the experimental settings that maximise the detected
power, sensitivity, and scanning rate may be found in 2.8, 2.11, and 2.14, respectively. The
external magnetic field Be is clearly the most influential parameter on the cavity, followed
by V and Ql , the C parameter for the operation mode, and the system temperature Tsys,
which is primarily determined by the physical temperature of the cavity and the noise
temperature of the LNA (see Figure 2.6), according to the Friis formula [69].

The magnetic volume B2
e V is a figure of merit for the magnet in these types of exper-

iments. However, it is frequently difficult to construct a haloscope that entirely fills the
bore space (due to the dependence between its volume and resonant frequency), therefore
the magnet potential is underutilised. This was the situation and the motivation for the
RADES initiative. Considering the upper limit in gaγγ for the ADMX possibilities in the next
years [24], RADES intended to scan higher masses, which leads to lower volumes in the
resonant cavities, because the resonant frequency relies, in general, inversely on the cavity
size.

2.4.1 Single cavities

The two most commonly used types of microwave cavities for haloscopes are the cyl-
indrical and rectangular types, which are depicted in Figure 2.9.

θ
ρ

h

2r

(a)

x

y
z

b

a

d

(b)

Figure 2.9: a) Cylindrical cavity of radius r and height h, and (b) rectangular cavity of width a,
height b and length d.
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Their resonant frequencies for TEmnp and TMmnp modes can be expressed as follows
[70]:

f cyl
TEmnp

=
c

2π
√

εr µr

√(
p′mn

r

)2

+
( p π

h

)2
,

m = 0, 1, 2, ...

n = 1, 2, 3, ...

p = 1, 2, 3, ...

(2.15)

f cyl
TMmnp

=
c

2π
√

εr µr

√( pmn

r

)2
+
( p π

h

)2
,

m = 0, 1, 2, ...

n = 1, 2, 3, ...

p = 0, 1, 2, ...

(2.16)

f rec
TEmnp

=
c

2
√

εr µr

√(m
a

)2
+
(n

b

)2
+
( p

d

)2
,

m = 0, 1, 2, ...

n = 0, 1, 2, ...

p = 1, 2, 3, ...

m and n not zero simultaneously

(2.17)

f rec
TMmnp

=
c

2
√

εr µr

√(m
a

)2
+
(n

b

)2
+
( p

d

)2
,

m = 1, 2, 3, ...

n = 1, 2, 3, ...

p = 0, 1, 2, ...

(2.18)

where m, n, and p are integers that denote the number of maxima of the electric field
in the θ, ρ, and z axis for cylindrical cavities, and in the x, y, and z axis for rectangular
cavities, respectively, µr is the relative magnetic permeability (µr = εr = 1 is assumed),
pmn and p

′
mn represent the n− th zero (n = 1, 2, 3, ...) of the first kind Bessel function Jm,

and its derivative J
′
m, respectively, of order m (m = 0, 1, 2, 3, ...), r and h are the radius

and height of the cylindrical cavity, respectively, and a, b and d are the width, height and
length of the rectangular cavity, respectively. Usually rectangular cavities working with
the TE101 fundamental resonance at 8.4 GHz (34.74 µeV) have been used in RADES. For the
ADMX experiment, employing the TM010 mode, an estimated exploration mass of 30 µeV
(7.25 GHz) is achieved with a cavity diameter of 3.17 cm, which would underutilise the
available 60 cm diameter of their magnet bore.

Solenoid magnets are used in the majority of haloscope investigations, such as ADMX

[71] and HAYSTAC [72]. Because these magnets generate an axial (ẑ) magnetic field (see
Figures 2.10a and 2.10c) the typical type of cavity is cylindrical, and it is positioned to
make its z−axis parallel to the longitudinal axis of the magnet bore. In this method, a TM
mode with an axial electric field gives the best form factor C value. More specifically, this
is achieved with the TM010 mode. As it is said previously, in the early stages of the RADES

project a powerful accelerator dipole magnet (see Figures 2.10b and 2.10d) was available:
the CAST magnet, which produces an 8.8 T transverse (ŷ) magnetic field. The rectangular
cavity, where TEm0p modes shown a vertical polarisation in the E-field, is a more suitable
cavity for this type of magnets.
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Figure 2.10: (a) Solenoid magnet with axial magnetic field, and (b) dipole magnet with transversal
magnetic field. (c) Model of a solenoid magnet bore, and (d) model of a dipole magnet
bore. In these examples, a cavity is inserted to show how the cavity E-field and the
bore B0-field lines are parallel in all the cases. (a) and (b) are taken and modified from
[68] and, (c) and (d) from [73].

In the rectangular cavity case, to achieve the highest form factor, the TE101 mode should
be used. To design a haloscope to search axions at ma = 30 µeV, the cavity should be a
parallelepiped with a = 29.3 mm, making a = b = d to increase the volume as much as
possible. This fits into the dipole bore of diameter of 42.5 mm from the CAST magnet [63],
although the bore is much underutilised taking into account that the length of the cavity
is very small compared to the magnet diameter (9.3 m). Furthermore, in order to avoid
mode mixing from degenerate modes, the dimensions a and b must be sufficiently distinct
(a ≈ 2b). As a drawback, this decreases the cross-section of the cavity and, as a result, its
volume.

Considering that a rectangular cross-section is not optimized to cover the total circular
cross-section of the magnet bore, the RADES motivation is based on increasing the volume
of the cavity in the longitudinal axis of the magnet without changing the resonant
frequency (or axion search mass) and other cavity parameters such as Ql and C.
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It seems intuitively plausible that the first idea for increasing the haloscope volume in
the CAST bore is to increase the length dimension d of the cavity. For the TE101 mode, it
can be easily seen that the resonant frequency is reduced from equation 2.17 to fTE101 ≈ c

2a

when a � d. To maintain the same frequency, the width dimension a has to be reduced a
little. Anyway, the large value of d in comparison yields to a high increasing in the volume
parameter. For example, at 8.4 GHz (X-Band) or ma = 34.76 µeV, which is the operation
frequency of the first RADES haloscope, a width and length of a = d = 25.24 mm can be
used, providing a volume (assuming b = a

2 ) of V = 5.97 mL. However, using d = 100a,
the width is converted to a = 17.85 mm, the length is d = 100× 17.85 = 1785 mm, and
the volume is V = 284.37 mL, which produces an increasing of a factor 47.63. However,
there is an important drawback for long cavities: the mode clustering in frequency due to
higher modes TE10p, which may impede the characterisation of the manufactured cavity
Ql as well as its external coupling factor κ. This concept is represented by

∆ f =
| fa − fneighbour|

| fa|
× 100, (2.19)

where ∆ f is the mode clustering expressed in [%], fa is the operation frequency where
the axion is being searched and fneighbour is the next resonant mode frequency. Following
the same example, for not long cavities at 8.4 GHz (d = 25.24 mm) the mode proximity
with the axion mode TE101 is ∆ f = 58.11 %, while for d = 100a this parameter takes
∆ f = 0.015 %, a value that might cause problems in the manufactured prototype due to
the overlapping of the resonances hampering the identification of the quality factor in the
response and decreasing the form factor of the axion mode. Because of this problem, RADES

proposed an alternative for increasing the haloscope length (and its volume) solving the
mode clustering issue: the multicavity idea.

2.4.2 Multicavities

The multicavity structures are based on a number N of interconnected subcavities. These
structures are frequently utilised in telecommunication for microwave and millimetre
wave filtering. In such scenario, the goal is to implement a bandpass filter with parameters
that specify the passband, stop band, pass ripple, and stop band attenuation [74]. In the
next section, more information about the study and design of such structures can be found.

When working with haloscopes, the goal is to create an extremely selective filter (high
loaded quality factor Ql), centered at the axion mode frequency. The reference [27]
presents the mathematical formalism for the study and design of this type of multicavity
structures. If the subcavities have the same size, the haloscope resonant frequency is that
of the cell cavity, and the total volume is the sum of the volumes of all the subcavities
(i.e., Vtotal ≈ NVcell), while the resonance frequency remains the same. Furthermore, the
multicavity haloscope Ql must be roughly equal to that of each subcavity. On the other
hand, the port that extracts the axion signal can be positioned in any subcavity, which
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gives a considerable scope to choose an appropriate position inside the magnet bore
for the haloscope. This is possible thanks to the fact that each subcavity has the E-field
maximum for the TE101 mode at their centers for a critically coupling status, while in a
single cavity there is only a small region where the maximum field lies also at the cavity
center [27].

Apart from higher order resonant modes TEmnp or TMmnp that can be excited in the
cavity due to the dimension of the subcavity, the multicavity may have multiple mode
configurations for the same resonant mode, depending on the couplings between subcav-
ities. These configurations are based on the polarization or phase of the field (positive or
negative) of each subcavity. Each configuration corresponds with a specific combination
of different polarizations. The mode configuration with all positive (or all negative)
electric fields in the subcavities will be chosen since it creates a constructive sum in the
form factor term |

∫
~E · ~Bedv|2 (see equation 2.6), which provides the maximum C value.

In reality, it is assumed that the overall form factor will be roughly the same as one of
each subcavity, which, for the TE101 mode, it is CTE101 =

64
π4 , calculated analytically from 2.6.

The multicavity idea is very similar to the notion of coherently summing N signals
derived from N identical subcavities, but in a single structure, which avoids the problem
to maintain the coherence in the sum. In recent years, more multicavity approaches for
the haloscope design have been reported, including [75, 76].

The design of the interresonator couplings in RADES is based on the alignment of the
electric field in all the subcavities to reach the all-positive configuration. These couplings
between neighbour subcavities can be accomplished using rectangular irises, as illustrated
in Figure 2.11. Irises invariant in y-axis (Figure 2.11a) have an inductive behaviour, but

a
ti

b/2

(a)

b

tcap
a/2

(b)

Figure 2.11: Simplest iris couplings between neighbour subcavities: (a) inductive window, and (b)
capacitive window. For an easier visualization of the inner geometry, the structures are
cut in two symmetric halves. The dashed regions denote the symmetry planes. Taken
and modified from [77].

those invariant in x-axis (Figure 2.11b) have a capacitive behaviour due to the vertical
polarisation of the electric field in the TE101 mode. For this reason, the former are called
inductive irises and the latter capacitive irises.
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The first RADES haloscope was designed (using the formalism in [27]), optimised
(using CST Studio [78]), built, and characterised in 2018 [27]. Later, this structure was
employed for a data taking campaign in CAST, whose data results were published in [79].
This haloscope is the first haloscope based on the multicavity idea and it consists in a
5-subcavities structure interconnected by inductive irises, as shown in Figure 2.12.

(a) (b)

Figure 2.12: First RADES multicavity haloscope based on 5-subcavities and 4 inductive irises as inter-
resonator couplings: (a) 3D model with dimensions, and (b) manufactured prototype.
The dimensions of the structure are a = 22.99 mm, b = 10.25 mm, L1 = L5 = 26.82 mm,
L2 = L3 = L4 = 25.14 mm, W1 = W2 = W3 = W4 = 8.14 mm and t = 1.95 mm.

In Figure 2.12a a 3D scheme and the dimensions of the designed structure can be found.
The technical drawings for the manufacturing of this haloscope are depicted in Appendix
I: Technical Drawings (see Figures A.1 and A.2). The final manufacturing dimensions take
into account the slight deviations due to the thermal contraction in the structure, from
room temperature (T = 300 K) to cryogenic temperature (T = 2 K). The prototype was
manufactured in stainless steel 316LN material, which is a particular strong version of
316L to avoid magnetic interferences at the CAST magnet and the structural deformation
due to magnetic quenches. To increase the electrical conductivity of the material (and
thus the quality factor) a 30 µm copper layer is applied after the manufacturing. Also, this
multicavity was produced with two 90◦ SubMiniature version A (SMA) coaxial ports, each,
in one of the extreme subcavities, as depicted in Figure 2.12b. One of them is used for
testing purpose and the other one for the extraction of the signal.

Figure 2.13 illustrates the five configuration modes of the resonant mode TE101 for this
structure. The form factor is also included in this figure, where it can be observed how
C is maximum for the all-positive configuration. Here it is important to remark that the
number of configuration modes corresponds with the number of subcavities N.
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(C=3.2·10-7)

(C=0.65)

(C=8.1·10-5)

(C=1.6·10-12)

(C=6.4·10-6)

Figure 2.13: Vertical polarization of the electric field pattern (Ey) of the five configuration modes
of TE101 resonant mode in the first RADES 5-subcavities multicavity. The form factor of
each configuration is included for comparison. The red fields denote positive E-field
levels, the green fields zero and the blue negative levels. Taken and modified from [27].

Figure 2.141 shows the measured and simulated transmission coefficient (employing
both ports), applying a temperature of T = 2 K. In this picture, it can be seen the noise

Figure 2.14: Transmission coefficient magnitude S12 at T = 2 K versus the frequency and the axion
mass: measured (light green) and simulated (black). Taken and modified from [27].

from the measured results (taken with a Vector Network Analyzer (VNA)) included by the
cable and intermediate elements (connectors, flanges, LNA, and so on).

1 To measure the transmission response of a haloscope, the S21 parameter, i.e. the transmission power between
port 1 and port 2, is usually measured. However, for the results shown in Figure 2.14, a measurement was taken
where the numbering of the two ports was swapped. This does not change the behaviour of the haloscope at
all, as it is merely a numbering issue.
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Despite the multicavity idea reduces the mode clustering, similarly to the long cavities
and its next modes, there is a limitation. When the number of subcavities N rises, the
concentration of the configuration modes increases equally. Figure 2.15 depicts the N = 30
configuration modes of a haloscope based on 30 subcavities with 29 inductive irises, this
is, an all-inductive multicavity as the first RADES haloscope. The transmission coefficient

Figure 2.15: Vertical polarization of the electric field pattern (Ey) of the N = 30 configuration modes
of TE101 resonant mode at a 30-subcavities haloscope. The numbers at left column are
referred to the configuration modes in order, from the lower to the higher frequency.
The 30 right columns represent each subcavity. The red areas denote a positive level in
the electric field, and the blue areas with a negative level. The form factor for all the
configurations is almost zero, except for the first one, Cmode1 = 0.65.

of this structure is presented in Figure 2.16, where a clear mode clustering between
the configuration modes of the TE101 resonant mode can be observed. Each resonance
of this spectrum corresponds with each configuration mode. This scenario gets worse
with the manufactured structure and considering the data taking settings, resulting in
more possibilities to produce overlapping between the resonances, making obtaining the
quality factor or coupling factor from measurements difficult, apart from the possibility of
reducing the form factor.

A similar situation is presented with an all-capacitive structure for N = 30 subcavities,
with a simple difference: the axion mode will be the last mode configuration, instead of
being in the first position as in the all-inductive multicavity.
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Figure 2.16: Magnitude of the transmission coefficient S21 at T = 2 K versus the frequency of an
all-inductive multicavity based on N = 30 subcavities.

Using alternating interresonator couplings (capacitive and inductive irises) is an
efficient solution to improve the mode clustering close to the axion mode [80]. Unlike
previous scenarios, the axion mode is now located at the centre of the band, where
there is a higher mode separation. The first haloscope with this alternating principle
designed, optimised and manufactured by the RADES team was a 6-subcavities struc-
ture with 3 capacitive and 2 inductive irises (see Figure 2.17a), that was produced in
2018. Later, an evolution of this structure based on N = 30 subcavities with 15 capacitive

(a)

(b)

Figure 2.17: Manufactured prototypes of the alternating haloscopes based on: (a) N = 6 subcavities
and (b) N = 30 subcavities. The technical drawings for the manufacturing of these
haloscopes are depicted in Appendix I: Technical Drawings (see Figure A.3 for the
N = 6 haloscope, and Figures A.4 and A.5 for the N = 30 haloscope).

and 14 inductive irises (see Figure 2.17b) was manufactured in 2019 at the CERN workshop.
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In Figure 2.18a the six E-field patterns of the configuration modes for the N = 6
structure and its form factor values are depicted. In this case, the 4th configuration

(C=0.53)(C=1.82·10-9)

(C=1.26·10-3)
(C=1.51·10-8)

(C=1.01·10-8) (C=3.42·10-5)

(a)

(b)

Figure 2.18: Vertical polarization of the electric field pattern (Ey) of the six (a) and thirty (b) con-
figuration modes of TE101 resonant mode in the: (a) N = 6 haloscope and (b) N = 30
haloscope. The form factor of each configuration is included for comparison in the
small structure. The red fields denote positive E-field levels, the green fields zero and
the blue negative levels. In (b) the numbers at left column are referred to the config-
uration modes in order, from the lower to the higher frequency. The 30 right columns
represent each subcavity. The form factor for all the configurations is almost zero, ex-
cept for the axion one. (a) is taken and modified from [80].

corresponds with the axion mode (the configuration that possesses the maximum C).
On the other hand, Figure 2.18b depicts the thirty E-fields of the configuration modes
in the second version of the alternating haloscopes. In this case, the 16th configuration
corresponds with the axion mode.

Figure 2.19a shows the spectra of the small alternating structure in the frequency region
of interest, where an improvement in mode clustering can be observed. In Figure 2.19b
the same plot is shown but for the N = 30 version, where an enhancement in the mode
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Figure 2.19: Transmission coefficient magnitude S12 at T = 2 K versus the frequency for: (a) N = 6
haloscope and (b) N = 30 haloscope. In (a) the dotted red line corresponds with
the measurements and the solid blue line with the simulation results. In (b) only the
simulation results are shown. (a) is taken and modified from [80].

separation can be observed as well. In the all-inductive N = 30 structure the ∆ f parameter
acquires a value of 0.006 % (470 KHz), while in the alternating structure it is ∆ f = 0.183 %
(15.34 MHz), an increase of factor ×31 in mode separation between the axion mode and
the next neighbouring mode.

Despite the mode clustering and volume improvements, these interresonator irises are
prone to manufacturing issues, particularly when both kinds (inductive and capacitive)
are used (alternating) [80]. In this scenario, the fabrication necessitates completely 3D
machining procedures with multiple axis cut planes. In investigations with the alternating
6-subcavities and 30-subcavities haloscopes, inadequate contact between metallic surfaces
resulted in a decrease in the flow of surface currents, and hence a decrease in the unloaded
quality factor. In this PhD thesis, several solutions are presented to cover these issues:
parallel manufacturing cuts to the electric field lines, the soldering and the modularity
(see section 3.2), and the use of ferroelectric films (see section 4.2), making extremely easy
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to manufacture rectangular housings.

Following the promising results of the last years, the RADES collaboration is nowadays
focused on increasing the sensitivity of its haloscopes, on expanding the mass range
through mechanical or electrical tuning systems, on designing new haloscope concepts
for other mass regions (UHF and W bands), and on developing numerical methods for an
efficient and accuracy solution in the axion-photon interaction that induces an electromag-
netic field (the BI-RME 3D method [81]). The two first topics (sensitivity improvement and
tuning development) are the main objectives of this PhD thesis.

As previously stated, the sensitivity of the experiment in terms of haloscope parameters
is determined by its volume, quality factor, and port coupling. Considering the first RADES

haloscopes prepared for the CAST bore, a different approach can be applied in the future
BabyIAXO magnet, whose magnetic field pattern is defined by a superconducting toroidal
magnet [59]. If tall (high b dimension) multicavities are employed, the volume and quality
factor can be considerably enhanced. Because it is being used the TE101 resonant mode,
the detection frequency is independent of the cavity height, relying solely on its width
and length. The haloscope height can be adjusted in this manner until it approaches the
magnet bore diameter. However, due to the novel resonant TE1n1 and TM1n1 resonant
modes (with n = 1, 2, 3, ...) at extremely high cavities, mode clustering around the TE101

mode will occur, so an exhaustive investigation to achieve the optimal dimensions of
the haloscope and to study its limits should be carried out (this analysis is presented in
section 3.1). Furthermore, the multicavity idea may be adapted for other interresonator
coupling directions, resulting in 2D structures that cannot only improve their volume and
utilise the magnet bore space, but also add transmission zeros in the detector response for
the rejection of undesired modes.

To conclude, as it is said previously, the sensitivity of the coaxial port coupling to probe
location, size, and shape makes it necessary to create mechanical devices for controlling
this coupling when data are taken for maintaining as much as possible the critically coup-
ling case. When a frequency range is examined by a tuning mechanism this movable coup-
ling device is required. The use of nanopositioners for the development of a moving coup-
ling system is currently being designed by the RADES team (see section 3.4). Mechanical
and EM mechanisms based on ferroelectric and ferromagnetic materials are being investig-
ated for the tuning system (see section 4.1).

2.5 waveguide filters for satellite communications

Satellite communications emerged in the 1970s and 1980s, boosting the area of Research
and Development (R&D) for microwave filtering networks. The size and mass of the
on-board equipment is a key cost issue for many satellite applications. Furthermore, RF

power generation in space is quite costly, thus minimal losses in high RF power devices
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are similarly important. Another critical consideration is that the equipment must work
flawlessly in orbit for the duration of the satellite lifespan (typically around 12 years
or more). During this time period, there were several developments and innovations in
the field of filtering and multiplexing networks. Dual and trial-mode waveguide filters
with arbitrary amplitude and phase responses, dielectric resonator filters, contiguous
and non-contiguous channel multiplexing networks, Surface Acoustic Wave (SAW) filters,
HTS filters, and a wide range of filters in coaxial, waveguide, planar, and microstrip
technology were among those developed. The development of materials and procedures
for large-scale manufacturing techniques, as well as cost-effectiveness for microwave filters
in terrestrial systems, was driven by the advent of broad wireless cellular communication
networks in the 1990s [74].

Later, when microwave communications systems extended around the world, there
was a scarcity of EM spectrum available for a variety of services (telecommunications,
broadcasting, security, and so on). This has resulted in increased RF signal processing and
filtering needs in order to make the most use of the frequency spectrum. As a result, a
race to design filters with the lowest Insertion Loss (IL) feasible inside the passband and
the largest rejection possible within the stop band began [74].

In the realm of microwave communications systems, Computer-Aided Design (CAD) and
tuning employing electromagnetic methods has played a critical role. Several advances in
the production procedures of space microwave equipment have been implemented during
the previous decade in order to attain cheaper prices. The application of cutting-edge
technology in MicroElectroMechanical Systems (MEMS) and HTSs continues to fuel the
area of R&D for microwave filter miniaturisation [74].

On the other hand, Additive Manufacturing (AM) procedures have been around for a
long time, although they were not acknowledged as 3D printing techniques until 2012.
Today, several sectors are focusing their efforts on incorporating additive structures into
their line of business goods [82]. Although AM has not been widely used in the field of
RF applied in space communications in the last ten years due to issues with availability of
base materials and surface roughness, some structures with complex geometries can only
be manufactured using this technology. This allows the employment of geometries that
could not previously be afforded without the usage of this form of production, as well as
obtain superior results for certain applications. As a result, these novel AM processes offer
greater flexibility in the construction of new microwave filters in guided technology, as
well as a smaller size. This has an obvious direct advantage in that the lower the weight
and volume, the less expensive is to launch satellites into orbit [83].

Satellite communications play an important role in the current society, with numerous
applications ranging from TV signal broadcasting to scientific exploration of outer
space, including mobile communications, satellite assisted navigation systems (Global
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Positioning System (GPS), GLObal NAvigation Satellite System (GLONASS), or Galileo),
military applications, Very Small Aperture Terminal (VSAT) networks, and high capacity
data transmission systems. As a result, it will be critical to conduct research initiatives to
produce new RF components that may be utilised to improve future satellites.

The present PhD thesis investigates the methodologies for the study and design of
novel components for the RF payloads of future communications satellites in the context
mentioned above. This effort will be particularly focused on the development of novel
bandpass filter systems, as a haloscope spin-off, for RF payloads of the future satellite
communications systems. In Figure 2.20 an example of a RF bandpass filter based on
waveguide technology at X-band is shown (Figure 2.20a depicts the 3D model of the
structure and Figure 2.20b displays its electrical response). Attending Figure 2.12, a
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Figure 2.20: Example of a RF bandpass filter based on 4 resonant cavities with an all-inductive
behaviour: (a) 3D model, and (b) electrical response of the filter.

clear similarity can be observed between the structure of a RADES multicavity haloscope
and the one of a waveguide bandpass filter. However, their responses (Figures 2.14 and
2.20b, respectively) are designed working with different principles. In haloscopes, a
unique resonance is desired for the axion detection to maximize its sensitivity, while
for RF bandpass filters several resonances are needed to design the passband with an
specific bandwidth, a parameter that is selected as a target in the designing process. The
description of other parameters in RF bandpass filters is presented in section 6.
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The creation of these components is typically time and resource intensive owing to the
difficulties in designing the components, particularly due to their high sensitivity, and
the requirement for correct electromagnetic modelling to forecast their circuit responses.
This needs research into more efficient numerical procedures for completing the design
of these components more quickly and reliably. Although there are currently many
different methods for designing RF filters ([74, 84–87]), one of the project goals is to
investigate new filter design techniques, as well as their suitability for the production of
the above-mentioned components using dielectric parts with 3D techniques, incorporating
complex geometries.

Furthermore, as previously said, dielectric elements with certain properties will be in-
tegrated in the new designs to regulate certain filter characteristics and, as a consequence,
obtain superior results in bandpass filter response. The benefits are connected to the
size of the final filters and the improvement of the spurious free range, selectivity in the
passband, and filtering function rejection [88, 89].

Finally, the proposed project would prioritise experimental validation of the devices de-
veloped during the work. To that purpose, several prototypes will be built and then tested
using the RF equipment available in the research group. The goal will be to demonstrate
the practical feasibility of the new designed devices, with the goal of making them useful
to the space industry.
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3
I M P R O V E M E N T S I N D A R K M AT T E R H A L O S C O P E S

The improvement in haloscope performance is one of the fundamental lines in all experi-
mental groups searching for dark matter axions. Considering equation 2.10, the following
parameters can be extracted to enhance the performance of a haloscope experiment:

• Volume (V): the volume is a parameter that can be controlled with the dimensions
of the haloscope cavity. The selection of the value for this parameter should take into
account other criteria, like the scanning frequency and the magnet bore size.

• Form factor (C): this parameter depends on the electromagnetic field distribution
into the cavity volume and its parallelism with the static magnetic field of the external
magnet. In multicavity structures, an optimum design should be carried out for the
alignment of the electric field in all the subcavities. Then, in these cases the haloscope
dimensions control the C parameter. Considering an homogeneous static magnetic
field, for single cavities, the form factor will be maximum.

• Loaded quality factor (Ql): this parameter depends not only on the dimensions of
the cavity but also on its material and operating temperature. In addition, the qual-
ity factor is critical in the manufacturing process, where an important reduction is
usually obtained (∼ 50% from theoretical or simulated values) due to the necessity
to apply cuts in the cavity walls, and thus interrupt the continuity of surface currents
when the joint of the pieces is not perfect.

• Mode clustering (∆ f ): the separation of the axion mode from the non-desired modes
is a key issue that should be minimized to avoid the reduction of the form and quality
factors due to the electromagnetic distortion of the axion mode from other mode
interactions. This parameter sets the limits in the the maximum achievable volume
of a haloscope cavity. Special attention should be paid to this parameter when using
a tuning system to sweep a frequency range as in some cases mode crossings may
exist, where a non-desired mode may go from being above the axion mode to being
below it when a new frequency is scanned.

• Magnetic field (Be) and bore size of the magnet: the properties of the employed
magnet are an important aspect in a haloscope experiment. For large bores it is very
difficult to maintain a high magnetic field. However, small magnets can provide a
high magnetic field. Then, there is a trade-off with magnet volume and magnetic
field when selecting a dipole or solenoid magnet. There are a multitude of magnets
in the axion community, which will be reviewed in the following section.
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• Tuning system: since the location of the axion in the electromagnetic spectrum is
unknown, a scan of the widest possible range of masses (or frequencies) must be
performed. Then, the optimization of the employed tuning system in a haloscope
experiment is an essential feature for an efficient axion searching. In this PhD thesis,
mechanical and electrical tuning systems are presented. The reduction of the time
employed to shift the scanned frequency to a new frequency step is also crucial since
there is a limited time in a data campaign.

• External port coupling (κ): the objective for this parameter is to maintain its value
in κ = 0.5, where a critical coupling status is acquired. To achieve this, an adjustable
system is needed to correct the port position when performing a frequency sweep
with the appropriate tuning system, in which the electromagnetic field of the mode
will change and hence the maximum coupling condition.

• System temperature (Tsys): the temperature of the components in the haloscope ex-
periments (like the cavity, LNA amplifier and cables) sets the value of this parameter.
The temperature of the components is mainly controlled by the cryostat system at
the employed magnet. For example, in the CAST dipole magnet the temperature was
T = 1.8 K at the bore section where the cavity is inserted. Also, thermal plates are
needed for a thermal transition in order to match the cables from the cryogenic tem-
peratures to the room section.

• Signal to noise ratio ( S
N ): as equation 2.9 depicts, S

N depends on the above paramet-
ers (V, C, Ql , Be, κ, and Tsys) plus on the reception bandwidth (∆v), which can be
controlled at the receiver.

• Data taking time (∆t): this parameter is the time spent in a data campaign searching
axions at a particular frequency into the selected spectrum range. The idea is to
maximise the other parameters (volume, form factor, etc.) as much as possible to
be able to accommodate ∆t and the scanned frequency range to the needs imposed
in a measurement campaign, where there will be a limited time to take data. The
objective is to achieve in the axion-photon sensitivity (gaγγ) the models KSVZ and
DFSZ (see Figure 2.5b).

The first five parameters (V, C, Ql , ∆ f and the features of the magnets) are the main
topic of the next section, where the volume limits are searched employing multitude of
developed concepts considering several magnet sizes currently used in the axion com-
munity. In section 3.2 an extensive analysis is carried out to study the quality factor in
manufacturing structures and several solutions are proposed for improving it. In addition,
in section 5.2.3 the use of High Temperature Superconducting elements is exposed as a
method for increasing the quality factor in the RADES structures [90]. The next two topics
on the above list (tuning systems and external port coupling) are treated in sections 3.3 and
3.4, respectively. On the other hand, a new investigation line is understudy in the RADES

team for a considerable reduction of the temperature in the haloscope experiments to mK
values: the use of QuBits [91, 92], which affects mainly to the Tsys and S

N parameters, which
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is exposed in section 5.2.1. Finally, the improving of ∆t is not covered in this work since
it is a parameter that can only be controlled with the accessibility to a magnet. Generally,
several axion teams required the use of the same magnet (this is the case of CAST or the
future BabyIAXO magnet), so its use is limited in time.

3.1 volume , form factor and quality factor optimisation

One of the primary goal of this work is to investigate the feasibility of expanding the
volume of a haloscope based on rectangular geometries (which were the first used in the
RADES collaboration), resulting in an increase in axion detection sensitivity. In addition,
other essential ideas are covered, such as the improvement in mode clustering or mode
separation, which is a vital characteristic of a haloscope to avoid the degradation of the
form and quality factors [80]. The maximum volume allowed in a haloscope design is
primarily determined by four factors: the cavity shape (rectangular or cylindrical), the
electromagnetic operation mode and frequency, whether or not the multicavity concept is
used, and the geometry and type of magnet (and thus the direction of the magnetic field)
where the axion data taking will be conducted.

As it is said in section 2.4, the mode and type of cavities usually employed in dipole
and solenoid magnets are the TE101 mode with rectangular cavities (see Figure 2.10d)
and the TM010 mode with cylindrical cavities (see Figure 2.10c), respectively, since it
maximizes the form factor because of the direction of the magnetic field of the magnets.
However, there are some cases where rectangular haloscopes (working with the TE101

mode) could fit into a solenoid magnet depending of the size of the bore. In this sense, a
proper study should be carried out in the current axion community magnets for selecting
the most appropriated bore in our haloscope design. In the case of the dipole magnet CAST

employed by the RADES team several years ago, it possesses a very limited bore diameter
compared with other magnets, but with a very large length, involving to apply the idea
of the multicavity concept in the longitudinal axis (z−axis in Figure 2.10d). However,
a different designing approach (regarding the cavity volume limits) can be applied in
larger bores, for example in the future BabyIAXO magnet, whose magnetic field pattern
is defined by a superconducting toroidal magnet [59], although it can be approximated
as a dipole magnet for simplicity in this PhD thesis. Its huge bore, compared to CAST,
makes possible the application of other ideas that combine tall and/or long cavities with
the multicavity concept in any axis. In Table 3.1 the information of the most well-known
magnets employed by different axion groups is described. A constant magnetic field
~Be = Be ŷ in dipole and quasi-dipole [59] magnets was chosen as an approximation for
calculating the form factor in this PhD thesis.

In such table, the custom figure of merit of the magnets takes into account the influence
of the parameters Be, V and Tsys in equation 2.10, assuming a hypothetical cavity filling the
entire magnet bore and that the temperature and magnetic field is stable and homogen-
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Magnet Type Be (T) T (K) φ (mm) L (m) B2
e V
T ( T2m3

K ) References

BabyIAXO Quasi-dipole ∼ 2.5 4.2 600 10 4.207 [59]

CAST (cancelled) Dipole 9 1.8 42.5 9.25 0.591 [63]

SM18 Dipole 11 4.2 54 2 0.132 [90]

MRI (ADMX-EFR) Solenoid ∼ 9 0.1 650 0.8 215.03 [93]

ADMX (1st gen) Solenoid 8 0.1 600 1.1 199.05 [94]

ADMX-HF Solenoid 9 0.025 175 0.4 31.17 [94, 95]

Canfranc Solenoid 10 0.01 130 0.15 19.9 [96]

CAPP-8TB Solenoid 8 0.05 165.4 0.476 13.1 [97]

ORGAN Solenoid 14 0.03 65 0.445 9.633 [30, 98]

Oxford-Instr. Solenoid 12 4.2 320 0.75 8.27 [99]

HAYSTAC Solenoid 9 0.127 140 0.56 5.496 [72]

18T HTS (ADMX) Solenoid ∼ 18 0.11 70 0.467 5.294 [100, 101]

QUAX Solenoid ∼ 1 0.12 150 0.5 0.075 [102]

Table 3.1: Details of some magnets in the axion community: name and type of magnet, magnetic
field Be in Teslas, temperature T in Kelvins, diameter φ in milimeters, length L in meters,
and figure of merit of the magnet in T2m3

K . The figure of merit employed here is in ac-
cordance with equation 2.10, assuming that a hypothetical haloscope possesses the same
volume of the magnet.

eous in all the volume. In reality, this is not possible due to geometrical incompatibilities,
and Be and Tsys deviations. However, as a first approximation it shows the potential of
each magnet. In Figure 3.1 several pictures of real magnets are shown: the ADMX solenoid
magnet with its setup (see Figure 3.1a) and a dipole magnet (CAST) with the RADES setup
(see Figures 3.1b, 3.1c and 3.1d).

In general, the dipole magnet bore is much longer than its radii. This is the case with
the CAST and BabyIAXO magnets, which have diameters of 42.5 and 600 mm and lengths
of 9.25 and 10 m, respectively [59, 63]. The length and the diameter of the solenoid magnet
bores, on the other hand, are very comparable. This is the case with the Canfranc and
MRI (ADMX-EFR) magnets, which have diameters of 130 and 650 mm, respectively, and
lengths of 150 and 800 mm [93, 96]. The initial concept for utilising the space in dipole
magnets is to expand the overall length of the haloscope. The length of the subcavities
can be expanded for this purpose by using the multicavity idea [27, 80]. In fact, one of the
first attempts to exploit long cavities in the axion community was to design, develop and
implement a toroidal-shaped cavity [103, 104]. However, it will be demonstrated that the
use of novel topologies, such as tall structures on dipole and solenoid magnets, are also
highly attractive notions.

The volume constraints in a haloscope based on a single cavity (with regard to the mode
clustering) are illustrated in section 3.1.1. Some significant principles are introduced in
section 3.1.2 to construct a haloscope based on the multicavity concept in order to enhance
its capacity as much as feasible. A first step for setting the foundations for the development
of the previous constructions to use even more of the space available in the bore of the
magnets is further explored in section 3.1.3.
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(a) (b)

(c) (d)

Figure 3.1: Schemes of real magnets: (a) ADMX solenoid magnet with descriptions of its sections, (b)
diagram of the CAST magnet with a RADES installation, (c) picture of a RADES member
introducing the 5-subcavities haloscope into one of the two 42.5 mm CAST bores, and (d)
picture of the CAST bore closed showing the flange (Flange 1 from (b)) where the cables
are connected for the internal electronics.

3.1.1 Volume limits in single cavities

The TE101 mode is used for rectangular cavities functioning in dipole magnets because it
optimises the form factor specified in equation 2.6. Since n = 0 (see equation 2.17), the
height of the cavity b has no effect on the resonant frequency fTE101 for this mode, hence it
can be adjusted as desired to increase the cavity volume. There is a limit, however, where
the height of the cavity cannot be raised owing to the proximity of the higher modes
with n 6= 0 (in this case, closeness with the TE111), which may impede accurate mode
identification and may even diminish the form factor in some situations.
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In addition, when considering equation 2.17 it is discovered that the simplest way to
expand the haloscope length without decreasing the resonant frequency of the TE101 mode
is to slightly reduce the width. Because this reduction is little in comparison to the length
gained, the overall volume will grow. Furthermore, when the cavity length is substantially
greater than the width, the resonant frequency becomes independent of the cavity length
fTE101 ≈ c

2a . Again, the closeness of the next resonant mode (mode clustering with the
TE102) imposes a length constraint. Several ways for raising the volume of haloscopes
without reducing the resonance frequency of the TE101 mode will be described in the
following subsections.

3.1.1.1 Long cavities

As previously mentioned, the mode separation (∆ f ) between the modes TE101 and TE102

determines the ability to extend the length, d, of a rectangular single cavity. This parameter
is computed with equation 2.19. The relative mode separation for a rectangular cavity as
a function of d/a is plotted in Figure 3.2a, which is valid for any resonant frequency of
TE101 and height b.
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Figure 3.2: (a) Relative mode separation between modes TE101 and TE102 of a rectangular cavity
versus d/a (valid for any frequency), and (b) unloaded quality factor of the TE101 mode
versus d/a for 3 frequencies (0.4, 8.4 and 90 GHz).

The findings reveal that when d/a grows, the mode separation decreases rapidly. If the
following mode is far enough away in frequency, the value of C for any cavity size will
reach the theoretical maximum: CTE101 = 64/π4 = 0.657, calculated from equation 2.6.

The Q0 factor of a TE10p mode in a rectangular waveguide cavity resonator with no
dielectric losses is given by [70]

Q0 =
1
2

√
π σ

ε0 f10p

b
(
a2 + d2)3/2

ad (a2 + d2) + 2b (a3 + d3)
, (3.1)
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where σ is the electrical conductivity of the haloscope housing or cavity walls (we assume
σ = 2 × 109 S/m in this study, which corresponds to the copper case at cryogenic
temperatures), ε0 ≈ 8.854× 10−12 F/m is the electric permittivity in vacuum, f10p is the
resonant frequency of a TE10p mode, and p is the number of the sinusoidal fluctuations
along the longitudinal z−axis (p = 1 for the operation mode). Furthermore, equation 3.1
demonstrates that the unloaded quality factor drops with increasing frequency, which
is equal to decreasing the cavity width. Figure 3.2b shows that the Q0 parameter is also
length independent for large d values.

As an example, the Q0 value of the TE101 mode for a rectangular cavity of width
a = 17.85 mm and height b = 10.16 mm (operating at fTE101 = 8.4 GHz, X-band)
is Q0 ≈ 3.9 × 104 for any d between 500 − 2000 mm (or d/a between 28 − 112). For
fTE101 ≈ 400 MHz (UHF-band) and fTE101 ≈ 90 GHz (W-band) the quality factor acquires
values around Q0 = 2× 105 and Q0 = 1.3× 104, respectively, for the same range of d/a,
as it can be seen in Figure 3.2b.

The lowest acceptable mode separation is determined by the measured quality factor in
production, which depends on the housing material and manufacturing process quality.
Larger Q0s provide sharper resonances, allowing modes to get closer in frequency. In
general, due to limitations in the fabrication process, we should expect the unloaded
quality factor of the produced prototype to be around half of the theoretical. These
limitations are usually the roughness at inner walls, the quality in soldering, and the
metallic contact if screws are used. The form factor as a function of d/a for four Q0 values
is displayed in Figure 3.3a as a quantification of the mode clustering on the energy loss.
This graphic demonstrates how the decrease in C is smaller for high Q0 values. The form
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Figure 3.3: (a) C parameter as a function of d/a for four Q0 values, and (b) example of two modes
very close whose resonances have an amplitude difference of ∆|S21| = 20 dB at the
resonant frequency of the mode TE101.

factor in Figure 3.3a was calculated using equation 2.6, taking into account the disturbance
of the electric field (and therefore its C detriment) caused by the impact of the following
resonant mode E-field (the one from the TE102 mode in this example) when they are quite
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near. As a result of this behaviour, the E-field effect of the next mode is greater if the
difference in dB in the S21 parameter of both modes TE101 and TE102 at frTE101 (∆|S21|)
is less. Because of mode clustering, we chose a form factor of C = 0.65 as our lowest
admissible reduction value. The cavity length is thought to be expanded even if C declines,
as long as the Q0 × V × C factor (the figure of merit of a haloscope) continues to rise. To
be cautious, the above value is maintained as a conservative limit. This constraint also
guarantees that the resonant frequency fr and the quality factor Q0 values are measured
correctly in the manufactured structure. In any case, if the cavity response shows two
resonances that are extremely near or even mixed (owing to lower than expected quality
factors), there are ways to recover the original form of each resonance and compute these
two parameters [105]. Figure 3.3b shows an example of two modes whose resonances are
very close for an operation frequency of 8.4 GHz with Q0 = 2× 104 and d = 1400 mm
(or d/a ≈ 79), resulting in a C = 0.65 (∼ 99 % of Cmax = 0.657). Figure 3.3 graphs aid in
selecting the guard frequency to prevent a large form factor decrease.

An X-band example is created to demonstrate this subject, with a = 17.85 mm, b =

10.16 mm, and d = 1400 mm. The spacing between the axion mode and its first neighbour
in this design is 2.05 MHz (or 0.024 %). Furthermore, the volume value for this prototype
is V = 253.9 mL, representing a 38 improvement in C over a standard WR-90 cavity
(a = 22.86 mm, b = 10.16 mm, and d = 28.55 mm, which gives a volume of V = 6.73 mL).
An overview of the acquired upgrades in this comparison is presented in Table 3.2.

a (mm) b (mm) d (mm) V (mL) Q0 C Q0 ×V × C (L)

22.86 10.16 28.55 6.63 4.6× 104 0.657 200.37

17.85 10.16 1400 253.9 3.9× 104 0.65 6436.37

Table 3.2: Summary of the parameters obtained in a rectangular resonant cavity with a working
frequency of 8.4 GHz for two cases: standard WR-90 cavity and very long cavity (large
d).

This large cavity fits loosely in the CAST dipole magnet, as it is shown in Table 3.1. For
a solenoid magnet, however, the cavity length should be decreased to match the bore
diameter. In MRI (ADMX-EFR), for example, a longitudinal limit of d ≈ φMRI = 650 mm
is enforced. Because of the magnetic field direction, the longitudinal axis of the cavity
should be oriented in any radial axis of the solenoid magnet (x or y−axis in Figure 2.10c),
as mentioned in the previous subsection. In this situation, there is a lot of remaining space
along the solenoid magnet longitudinal axis (z−axis in Figure 2.10c). In any case, the extra
volume from a conventional cavity is still significant.

The haloscope sensitivity reached in the limit situation presented in Table 3.2 is quite
good at one frequency, but great attention must be paid if a specific frequency range is to be
swept because there are likely to be multiple mode crossings. As a result, while developing
one of these structures, the dimensions will be constrained by a trade-off between the
volume obtained and the number of mode crossings tolerated, while also considering the
magnet bore size.
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3.1.1.2 Tall cavities

The vertical dimension b, like the longitudinal dimension of a single cavity, can be raised
up to a limit dictated by the closeness of the next modes (mode separation between the
TE101 and the TE111/TM111). The width a value is not lowered in the case of tall cavities as
it controls the cutoff frequency of the TE10 mode and influences the resonant frequency of
the cavity. As the height b value increases, the Q0 value increases up to half of the limit, as
illustrated in Figure 3.4a. As an example at 8.4 GHz (X-band), an unloaded quality factor
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Figure 3.4: (a) Unloaded quality factor of the mode TE101 versus the b/a parameter for several
frequencies (0.4, 8.4 and 90 GHz), and (b) mode separation between the modes TE101
and TE111/TM111 of a single cavity versus b/a for X-band (d = 28.55 mm).

of Q0 = 105 is achieved for heights b ranging from 500 mm to 2000 mm. The value of this
parameter for ∼ 400 MHz (UHF-band) and ∼ 90 GHz (W-band) is roughly Q0 = 4.7× 105

and Q0 = 3.1× 104, respectively, as it is shown in Figure 3.4a. For clarity, the frequency
closeness with the nearest mode for X-band frequencies (where a length d = 28.55 mm is
employed) is also displayed in Figure 3.4b. Analogously to the results from Figure 3.2a,
the findings reveal a behaviour with a quick increase in mode separation for low b/a
values, while for high values ∆ f begins to stabilise at values tending to zero.

The same condition of Cmin = 0.65 is enforced to discover the minimal permitted mode
separation. Figure 3.5 plots the form factor parameter versus b/a for four Q0 values,
considering that the E-field contribution that now negatively impacts C is the one from
the TE111 mode. As with long cavities, this graphic illustrates that for large Q0 values, the
impairment in C is lesser.

When the same analysis for long cavities at X-band is done to establish the lowest
accepted mode separation, the limit is obtained with b = 1500 mm (or b/a = 66), taking
into consideration a Q0 after manufacturing of Qreal

0 ≈ 50000 (half of the simulated one).

For this example, the mode separation between the axion mode and the next resonant
mode is 0.59 MHz (or 0.007 %), which has been obtained employing the dimensions
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Figure 3.5: C parameter as a function of b/a for four Q0 cases.

a = 22.86 mm, b = 1500 mm, and d = 28.55 mm. In this scenario, the volume is
V = 978.98 mL, representing a 148 improvement over a standard WR-90 cavity. Table 3.3
shows a summary of these enhancements.

a (mm) b (mm) d (mm) V (mL) Q0 C Q0 ×V × C (L)

22.86 10.16 28.55 6.63 4.6× 104 0.657 200.37

22.86 1500 28.55 978.98 105 0.65 6.4× 104

Table 3.3: A comparison of the parameters of a standard rectangular resonant cavity operating at
8.4 GHz with a very tall cavity (high b value) resonating at the same frequency.

With a focus on Table 3.1 it is clear how the height of this tall cavity must be reduced
until it fits into the solenoid magnet along longitudinal axis. In MRI (ADMX-EFR), for
example, a maximum cavity height of b = LMRI = 800 mm is enforced. In any case,
the added volume from a standard cavity is once again quite large. The only alternat-
ive with a significant benefit for a dipole magnet is BabyIAXO, whose diameter bore
(φBabyIAXO = 600 mm) may be employed to accommodate this tall cavity in the radial
orientation (y−axis in Figure 2.10d). Thus, with this situation, there is a lot of vacant space
on the dipole longitudinal axis (z−axis in Figure 2.10d), which may also be used with the
novel concepts given in the next subsections.

Similarly to the structures from the previous section, the sensitivity value obtained in
the cavity haloscope for the scenario illustrated in Table 3.3 is very high at one frequency,
however numerous mode crossings might arise if a tuning device is used. As a result,
throughout the design phase, the dimensions will be constrained by a trade-off between
increasing the volume, the number of mode crossings, and the size of the magnet.
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3.1.1.3 Large cavities

The last method for boosting the volume of a single cavity is to raise both the length
and height dimensions simultaneously. As previously stated, the width of a very long
cavity should be significantly lowered to retain the same resonant frequency, which, on
the other hand, is not affected by the height, as stated in the preceding sections. The
mode clustering issue must now take into account two mode approximations to our
working mode: the TE102 (due to the longitudinal dimension d) and TE111 (due to the
vertical dimension b) modes. The relative mode separation follows the behavior seen in
Figure 3.6a for X-band frequencies (d = 28.55 mm). The results reveal that when d/a
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Figure 3.6: (a) Relative mode separation for X-band frequencies (a = 17.85 mm) between modes
TE101 and TE102 or TE111 (the closest one, which depends on the b/a and d/a para-
meters). (b) TE101 mode quality factor versus b/a at several frequencies (0.4, 8.4, and
90 GHz) for five d/a examples. The insets in both plots indicate a zoom to differentiate
all of the d/a situations. In (a) a clear change in the curve behaviour can be observed
due to the proximity of different modes (TE102 or TE111) to the TE101 mode.

and/or b/a grow, the mode separation decreases rapidly.

Figure 3.6b depicts the behavior of the unloaded quality factor in these scenarios. For
the X-band case, a width of a = 17.85 mm is required to maintain fr = 8.4 GHz. The
cavity gives a Q0 = 7.2× 104 for d and b between 500− 2000 mm, as illustrated in the
inset of Figure 3.6b. The Q0 is significantly lower than in the tall cavity because the width
has been slightly lowered to compensate for the increase in length.

Furthermore, we accept a form factor of C = 0.65 in order to establish the minimum
mode separation. Now, the contributions of the electric field that have an unfavorable
effect on C come from both the TE102 and TE111 modes. The behavior of the parameter C
with d/a, b/a, and Q0 is comparable to the case shown in Figures 3.3a and 3.5. The limit
for 8.4 GHz is attained with the values b = 1100 mm and d = 1600 mm, with an unloaded
quality factor after manufacturing of Qreal

0 ≈ 3.6× 104 (half of theoretical). An overview of
the realized improvements is provided in Table 3.4. The Q0 ×V × C factor is increased by
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7336 when compared to the standard cavity.

a (mm) b (mm) d (mm) V (mL) Q0 C Q0 ×V × C (L)

22.86 10.16 28.55 6.63 4.6× 104 0.657 200.37

17.85 1100 1600 3.14× 104 7.2× 104 0.65 1.47× 106

Table 3.4: A comparison of the parameters of a standard rectangular resonant cavity operating at
8.4 GHz with a very long and tall cavity (high d and b values) resonating at the same
frequency.

With these results and data from Table 3.1, it is clear that in dipole magnets the best
orientation for this type of cavity is obtained by aligning both longitudinal axis of the
magnet bore and the cavity since it provides the highest dimension values, and both the
magnetic field of the magnet and the E-field of the cavity are parallel. In BabyIAXO, for
example, the height of the cavity can be raised up to b = 600 mm (y−axis in Figure 2.10d),
and the length can be set to its limit d = 1600 mm (z−axis in Figure 2.10d), giving
a volume value of V = 1.71 × 104 mL with a = 17.85 mm, which involves a volume
enhancement of 2580 over a standard cavity. The cavity height in a solenoid magnet must
match the bore longitudinal axis (z−axis in Figure 2.10c), and the length of the haloscope
can fill all of the bore radial axis (x or y−axis in Figure 2.10c). At the MRI (ADMX-EFR)
solenoid magnet, for example, a haloscope of a = 17.85 mm, b = 800 mm, and d = 650 mm
may be fitted, implying a volume of V = 9282 mL. This yields to a reduction in volume by
half as compared to the BabyIAXO dipole magnet. However, this reduction can be offset
by the low ADMX operating temperature (lower Tsys in equation 2.10) and high magnetic
field values (see Table 3.1).

Figure 3.7 illustrates various sketches of each type of cavity employing the dimensions
at the studied limit values: long, tall, and large (long and tall) single cavities.

Lastly, as with tall or long cavities, the haloscope sensitivity achieved in the example
given in Table 3.4 is quite good at one frequency, although multiple mode crossings may
occur with a tuning mechanism. As a result, the final dimensions of the designed cavity
should take into account the trade-off between volume, mode-crossing, and magnet size.

3.1.2 Volume limits in 1D multicavities

Over the previous six years, the RADES team has used the multicavity idea to expand the
volume of haloscopes along the longitudinal axis without diminishing the frequency [68].
Unlike the long cavity approach, z−axis multicavity designs may utilise wider rectangular
waveguides (for instance, the standard WR-90 employed for X-band).

This experimental group has designed and built many small haloscope prototypes (see
Figures 2.12b and 2.17), being the first three an all-inductive structure with five subcavities
and two alternating structures based on two different number of subcavities (N = 6 and
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Figure 3.7: (a) Long resonant cavity of d = 1400 mm, (b) tall structure of b = 1500 mm and (c)
Large (long and tall) cavity of b = 1100 mm and d = 1600 mm.

N = 30, where N is the number of subcavities). In [27, 68, 79, 80, 106], the results of the
first two structures can be consulted.

The coupling matrix was used as a supporting tool in the design of the haloscope mul-
ticavity constructions. In [27, 74], the theoretical notions of this technique can be found.
For the 1D multicavities case, the following matrix was used to enhance geometrical para-
meters in the structures explored in this work:

M =



Ω1 M1,2 0 0 ··· 0 0 0
M1,2 Ω2 M2,3 0 ··· 0 0 0

0 M2,3 Ω3 M3,4 ··· 0 0 0
0 0 M3,4 Ω4 ··· 0 0 0
...

...
...

...
. . .

...
...

...
0 0 0 0 ··· ΩN−2 MN−2,N−1 0
0 0 0 0 ··· MN−2,N−1 ΩN−1 MN−1,N
0 0 0 0 ··· 0 MN−1,N ΩN

 , (3.2)

where Mi,j are the values of the impedance inverters in the normalised low-pass pro-
totype network and Ωq is the discrepancy between the resonant frequency in the q-th
subcavity and the frequency of the axion mode [74]. The physical interresonator coup-
ling k used in the design is related to Mi,j. A low-pass to band-pass transformation

(Ω =
(

f
faxion
− faxion

f

)
1
fB

, where fB = BW
faxion

is the fractional bandwidth and BW is the band-
width) is commonly performed to extract its value [74]. All multicavity designs in this
work use a bandwidth of BW = 100 MHz. The relationship with the coupling value is
given by [74]:

Mi,j =
ki,j

fB
, (3.3)

43



where ki,j denotes the physical coupling between the resonators i and j. More information
about these factors is detailed in [74]. The value of the parameter Ωq can be obtained
by using the condition M × 1T

N = 0T
N , where 1N is a 1-vector and 0N is a 0-vector,

both with a size of N [27, 74]. The dimension of this matrix (N × N) is determined by
the number of subcavities N. Furthermore, the element values outside the three main
diagonals are 0. This means that resonators that are not adjacent have no physical coupling.

At first look, it may appear that resonant mode clustering would be unproblematic
because the TE102 mode is far distant due to the short length of the subcavities. However,
the multicavity provides extra resonant modes related with the coupled subcavity system
eigenmodes, known as configuration modes [27]. All the TEmnp resonant mode have these
configuration modes. As the number of subcavities rises and the interresonator coupling
value k falls, their resonant frequencies approach the axion eigenmode. The theory and
techniques for obtaining the physical coupling k are detailed in [80]. For each TEmnp

mode, the number of configuration modes in a multicavity is the same as the number of
subcavities.

Higher interresonator couplings result in shorter subcavities (in length) to maintain the
same resonant frequency due to the loading effect of the iris windows [74]. For 8.4 GHz
(our example), where lengths may vary by 1 or 2 mm, this effect is minor. However, for
very large k values, the coupling iris must be opened extensively resulting in a severe
loading effect. This impact will have to be considered even for relatively low k values
in other frequency bands, such as UHF. Thus, there is again another trade-off between
volume and mode separation. Figure 3.8 compares an example of the figure of merit
(Q0 × V × C) of single and multicavity designs at 8.4 GHz as a function of total volume
(increasing the length for the single cavity case and the number of subcavities for the
multicavity case) 1. A physical coupling value of |k| = 0.0377 has been used, a similar
parameter to the one usually employed in RADES [80].

The following steps comprise the procedure of the multicavity design: firstly, the
axion search frequency (in our case, for the resonant mode TE101) and a interresonator
coupling k value (physically realisable) are selected [27]. Second, the coupling matrix
approach is used to calculate the subcavity natural frequencies, as detailed in [27]. Lastly,
an iterative optimization process is performed in which the subcavities and the irises are
tuned to resonate at the desired frequency and to produce the desired physical coupling,
respectively.

Instabilities in design outcomes are detected as a result of high sensitivity in the C
parameter during the optimization process, which becomes more difficult as the number
of subcavities increases (as it is shown in Figure 3.8). Overcoming these challenges would
result in an enhancement similar to the theoretical multicavity case, which is superior than

1 A similar investigation might be conducted by increasing the height b and the number of subcavities N in the
vertical direction, correspondingly.

44



20 40 60 80 100 120 140 160 180 200

Volume (mL)

200

400

600

800

1000

Q
0
V

C
 (

L
)

Theoretical multicavity

Designed multicavity

Single cavity

Figure 3.8: Q0 × V × C factor of a single cavity versus multicavity structures (theoretical and de-
signed). Each spot at the designed multicavity results (blue curve) represents a specific
number of subcavities (N = 5 to 30 subcavities, from left to right). The case N = 5, the
starting point, is the first RADES haloscope design, which can be observed in Figure 2.12b.
Its response is detailed in [27].

the improvement attained with a single cavity, and therefore the multicavity idea appears
to be the best option for boosting the sensitivity of the axion detector. Concerning the
quality factor, it has been determined from Figure 3.8 that it is unaffected by N. For this
comparison, the multicavity has a somewhat larger value since it has a standard width
a = 22.86 mm (for the single cavity design based on a long length, it must be decreased
to a = 17.85 mm) and the Q0 is significantly dependent on this dimension, as discussed
in earlier sections. According to these considerations (see Table 3.2), the unloaded quality
factor assumes values around 4.6 × 104 for a = 22.86 mm and Q0 ≈ 3.9 × 104 for
a = 17.85 mm. As a result, Q0 represents the difference in the slope of the Q0 × V × C
behaviour between single cavities and multicavities.

Regarding the mode clustering problem, there is a method to relocate the TE101

mode neighbour configuration modes away from the axion mode for multicavities. This
approach is based on switching the signs of the iris couplings, which is accomplished real-
istically by employing the two types of irises explained in [80] (capacitive and inductive
windows). The axion is at the first configuration mode of the TE101 resonant mode for an
all-inductive haloscope (which has k < 0), and at the last one for an all-capacitive structure
(k > 0). The axion mode in an alternating inductive/capacitive structure, on the other
hand, is the one at the middle (for N being odd) or the mode at the position N

2 + 1 (for N
being even), where the mode separation is greater. Figure 3.9a depicts an example of the
magnitude of the S21 parameter versus the frequency for the three preceding scenarios
(all-capacitive, all-inductive, or alternating irises) in a N = 6 multicavity employing irises
with |k| = 0.0377. As it can be observed, the axion mode is provided by the all-inductive
and all-capacitive multicavities at their first and last resonances, respectively, whilst the
alternating structure provides it at N

2 + 1 = 4. The relative mode clustering between
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Figure 3.9: Comparative of the all-inductive, all-capacitive and alternating inductive / capacitive
irises cases for a multicavity operating at 8.4 GHz making use of a physical coupling
value of |k| = 0.0377: (a) magnitude of the S21 parameter in dB versus the frequency
for a N = 6 multicavity of each type, (b) relative mode separation between the closest
eigenmode to the axion one versus volume, (c) relative mode separation versus the
absolute value of the physical coupling k for N = 90, and (d) relative mode clustering
between the axion one and its closest neighbour mode as a function of the volume for
various k values (and types). For all the multicavity cases, several |k| values have been
used (from bottom to top: |k| = 0.01, 0.03, 0.05, 0.07 and 0.09). The single cavity case with
a high d value has been included in the plots (b), (c) and (d) for a better understanding.
In (c), a length d = 2700 mm has been employed for the single cavity to provide the
same volume value than the multicavity case.

the axion mode and the closest configuration mode is depicted in Figure 3.9b2 for the
previous three scenarios compared with a long single cavity structure operating at X-band
frequencies.

In addition, the dependency of the relative mode separation with the k parameter is
displayed in Figure 3.9c. Also, Figure 3.9d shows the behaviour of raising the volume
with several |k| values and different design types. The multicavity findings from these

2 For the multicavity scenario in this plot, a plausible assumption has been made: identical subcavity volume
for any N. In reality, the length difference is minimised during the computation of the final volume, which is
the factor represented by this figure.

46



plots were derived using the formulation presented in [27] (for the all-inductive and the
all-capacitive scenarios) and [80] (for the alternating scenario).

As depicts Figure 3.9b, the alternating notion significantly improves mode separation.
However, the fabrication of combined capacitive and inductive irises is complex, making
the building of alternating multicavities more difficult than the all-inductive multicavity
scenario. Furthermore, while the largest frequency separations are obtained with the
larger values of |k|, as it is shown in Figures 3.9c and 3.9d, in a real design of haloscopes
based on the multicavity concept, intermediate physical coupling values are selected such
that the loading impact of the iris windows does not significantly limit the subcavity
lengths, as previously explained [27].

Another benefit of the multicavity idea over single cavities is that it makes it simpler
to extract RF power (through a coaxial to waveguide transition, for instance) in a critical
coupling regime or κ = 0.5. This is due to the fact that in a multicavity haloscope, the
E-field level of the TE101 mode has a maximum value in each subcavity, but in a single
cavity there is only one maximum. With increasing |k|, the E-field level at the centre of the
subcavities drops. Therefore, there is another trade-off between relative mode clustering
(which requires a great |k| value) and coupling power extraction (which is easier with
small |k| values).

Following the idea of 1D multicavity for z−axis connected subcavities, it is expanded in
the following sections for long, tall, and large subcavities coupled in several axes.

3.1.2.1 Long subcavities

The combination of both multicavity and long single cavity approaches must be treated as
a unique concept for exploiting the space offered by the dipole or solenoid magnet bores.
This technique is based on extending the subcavity lengths in the multicavity structure
while decreasing the width slightly to retain the correct axion frequency. As previously
stated, the reduction in the waveguide width a of the subcavities results in a little decrease
of the unloaded quality factor.

The subcavities of a 1D multicavity structure can be coupled (or stacked) in three
ways: length, height, or width. This sort of stacking is seen in the multicavities from
Figure 3.10a, which are composed by three long subcavities. Examples of each form of
stacking in dipole and solenoid magnet bores are presented from Figure 3.10b to 3.10g3.
The stacking in length scenario has been used in RADES so far (see produced structures
in Figures 2.12b and 2.17) for the CAST dipole bore, using the orientation from Figure 3.10b.

3 With the purpose of aligning the E-field of the haloscope cavity with the magnetostatic field of the solenoid,
the vertical direction of the multicavity (y−axis in Figure 3.10a) is oriented towards the longitudinal direction
of the bore (z−axis in Figure 2.10a).
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Figure 3.10: (a) Types of stackings in a multicavity example based on N = 3 subcavities with a high
length value. Accommodation of the previous multicavities in dipole and solenoid
magnets. For dipole bores: (b) stacking in length, (c) in height, and (d) in width. For
solenoid bores: (e) stacking in length, (f) in height, and (g) in width.

For the same working frequency, longer subcavities result in lower |k| values in a
multicavity using the length direction (z−axis in Figure 3.10a). This is caused by the
distance between the E-field maximum and the iris window, since with longer subcavity
lengths, less energy reaches the coupling windows. There is a length limit beyond which
the coupling windows cannot produce the right k value for any shape. As a result, exceed-
ingly large subcavities cannot be used in a multicavity stacked in length. At the designing
process, the greatest length at which the physical coupling is still possible with the iris
windows must be determined. The number of subcavities N has no influence on this effect.

In the case of this type of multicavity designs, due to the large length of the bores,
there is plenty of space to increase the number of subcavities and their lengths in a
dipole magnet (10 m in the case of BabyIAXO bore length). For solenoid magnets,
however, the multicavity notion employing the longitudinal axis for subcavity stacking
(see Figure 3.10e) is not the optimum option since the diameter is the limiting dimension.
Therefore, a maximum haloscope length of 650 mm is set for the biggest solenoid magnet
from Table 3.1, the MRI (ADMX-EFR) magnet, whose diameter has the same value. This
is simply accomplished with a single cavity. If using 1D multicavities with stacking in
length is required, a multicavity design with not very long subcavities (N = 13 subcavities
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of length d = 50mm, for instance) could be carried out, though it will be demonstrated
below that there are more useful configurations to rise up the volume of a multicavity
haloscope in solenoids.

The energy that reaches the coupling windows is quite high for the other two stacking
alternatives (x and y−axis in Figure 3.10a) because of the shorter space from the subcavity
center (highest E-field region) to the iris. Thus, regardless of the k value, any subcavity
length may be used. Nonetheless, due to the magnet size of both dipoles and solenoids,
there are certain constraints for these novel staking orientations. For the in height stacking
(see Figure 3.10c) and the in width stacking (see Figure 3.10d) scenarios within dipole
bores, the longitudinal axis of the magnet must be used for the limiting of the subcavity
length, and the diameter plane for the stacking direction of all the subcavities. This
indicates a lot of flexibility in terms of length d (LBabyIAXO = 10 m), but also a restriction
in the maximum number of subcavities N (φBabyIAXO = 600 mm).

In solenoid magnets, for the scenario with long subcavities employing the in height
stacking (see Figure 3.10f), the longitudinal axis of the multicavity can be directed in any
radial bore axis (d restricted to φMRI = 650 mm) and the stacking of the subcavities can be
oriented in the longitudinal magnet axis (N limited to LMRI = 800 mm). However, when
stacking a multicavity with long subcavities in width for solenoid bores (see Figure 3.10g),
both subcavity stacking and its longitudinal axis must take any radial magnet axis.
Because of the cylindrical form of the bore, both d and N are constrained to a smaller
value rather than φMRI = 650 mm. Only one subcavity might be inserted if its length spans
the whole radial axis (d ≈ φMRI = 650 mm). Nevertheless, by reducing this dimension to
a more reasonable value, N can be raised. If a footprint with a square area is used at the
MRI solenoid bore, for example, a maximum length value of d = φMRI

2

√
2 = 459.62 mm

(equation for the fitting of a square inside a circle) can be implemented. In this example, a
more powerful design might be created by employing various lengths for each subcavity
and utilising practically the whole bore diameter plane to increase the volume of the
structures (reserved as future work).

Figures 3.11a, 3.11b and 3.11c show a comparison study of these three cases of coupling
orientations for X-band frequencies in a multicavity with N = 2 (for simplicity) and an
inductive or capacitive iris varying the volume, which depends only on the length because
the height (b = 10.16 mm), width (a = 22.86 mm), and N are all fixed. These conclusions
hold true for both dipole and solenoid bores assuming an approximation of ~Be = Be ŷ for
dipole magnets and ~Be = Be ẑ for solenoid magnets. In such scenario, the C value is the
same in both cases.

According to the outcomes from Figure 3.9b, the mode separation imposes a limit in
N (the number of subcavities) and in d (the subcavity length) in multicavities employing
long subcavities, in the same way to the limit in the single cavity lengths (detailed in
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Figure 3.11: Influence of each form of coupling (inductive and capacitive) on the design factors
for the three subcavity stacking possibilities (in length, in width, and in height) in a
multicavity based on two long subcavities (with a height of b = 10.16 mm and a width
of a = 17.85 mm): (a) form factor, (b) unloaded quality factor, and (c) Q0×V×C factor.
The volume value depends only on the subcavity length since N is now fixed.

subsection 3.1.1.1). Nonetheless, the magnet size is often far smaller than these limitations
for any stacking orientation. For simplicity, the examples from Figures 3.11a, 3.11b and
3.11c employ a N = 2 multicavity.

This study used a physical coupling value of |k| = 0.025, which is a common value
utilised in the RADES team. Figure 3.11 demonstrates how the curves (both inductive and
capacitive) for the in length stacking option are restricted to volume values below 50 mL.
This is due to the previously mentioned length constraint in the subcavities for this type
of coupling stacking (the needed coupling |k| = 0.025 cannot be reached with longer
lengths). There is no similar restriction for the other four curves, therefore this study may
be repeated with greater volumes if required. The results from the Q0 ×V × C parameter
in Figure 3.11c show that the in height orientation stacking is the best choice for lengthy
subcavities. However, depending on the kind and size of the magnet bore, the x−axis
direction may be preferable.

It is not evident how to build an inductive/capacitive iris for the vertical coupling
stacking. As a result, a prior study was conducted to determine the inductive and
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capacitive behaviour by adjusting the position and size of a rectangular iris window. For
the inductive case, a window with a quasi-square form is placed in the centre of the
subcavity (as depicted in Figure 3.12a). For the capacitive iris case, a narrow rectangular

Inductive iris

(a)

Capacitive iris

(b)

Figure 3.12: 3D model of a N = 2 multicavity employing the in height stacking with (a) an inductive
iris, and (b) a capacitive iris.

form moved to one side along the width is needed (as it is depicted in Figure 3.12b).

All of these investigations were conducted for the all-inductive and all-capacitive
multicavity scenarios. However, as previously demonstrated, the alternating case gives
the greatest mode separation between configuration modes close to the axion resonance.
As a proof of concept, it was designed a long (with d = 100 mm) alternating haloscope
structure employing the in height stacking with N = 4 subcavities.

A 0.025 value was used for the interresonator iris couplings |k|. The coupling matrix
extracted for this case (using equation 3.3) is given by

M =

(
−0.5 0.5 0 0
0.5 0 −0.5 0
0 −0.5 0 0.5
0 0 0.5 −0.5

)
. (3.4)

This matrix was used for the structure designing with the procedures provided in [27,
74]. An alternating behaviour can be noticed (positive and negative sign for the capacitive
and inductive irises, respectively) for the non-zero off-diagonal elements.

Figures 3.13a and 3.13b depict the haloscope final aspect, demonstrating the geometry
and position of each form of the iris windows in this type of multicavity (stacking in
height). Figure 3.13c depicts the magnitude of the simulated S21 parameter versus the
frequency.

According to Figures 3.13a and 3.13b, the dimensions of the structure are as follows:
subcavity lengths d = 100 mm, subcavity heights b = 10.16 mm, width of the inner
subcavities ain = 18.3 mm, width of the external or outermost subcavities aext = 17.9 mm,
length of the two capacitive irises Czcap = 12.4 mm, width of the two capacitive irises
Cxcap = 2 mm, length of the inductive iris Czind = 35.5 mm, width of the inductive iris
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Figure 3.13: Long multicavity design with an alternating behaviour based on N = 4 subcavities
stacked in height with two capacitive and one inductive iris windows: (a) left half of
the haloscope, (b) right half of the haloscope, and (c) magnitude of the S21 parameter
versus the frequency.

Cxind = 10 mm and iris thickness t = 2 mm.

As it can be observed, there are four resonances within the 8 − 8.8 GHz frequency
band, which corresponds to the number of subcavities N = 4. These resonances are
the four configuration modes of the TE101 resonant mode in the multicavity. When the
amplitude of the E-field of these four eigenmodes is examined (see Figure 3.14), the axion
mode is recognised as the third (the case where all the subcavities are in synchronisation
[80]), confirming the alternating behaviour (being N an even value). Table 3.5 lists the
configuration modes of the TE101 mode shown in Figure 3.14.

Frequency (GHz) Configuration

8.231 [+ – – +]

8.326 [+ – + –]

8.439 [+ + + +]

8.626 [+ + – –]

Table 3.5: Report of the TE101 configuration modes shown in Figure 3.14.
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(a) (b)

(c) (d)

Figure 3.14: Configuration mode E-fields (magnitude component) of the designed haloscope depic-
ted in Figure 3.13: (a) [+ – – +], (b) [+ – + –], (c) [+ + + +] and (d) [+ + – –], where the
signs ” + ” and ”–” symbolize, for each subcavity, a positive and negative electric field
level, respectively.

The mode clustering of this haloscope design (∆ f = 1.3 % or 113 MHz) is far from our
limitations because of the limited number of subcavities (N = 4). On the other hand, since
the length value is not very high (d = 100 mm), the closeness of the following resonant
mode (the first configuration mode of the TE102 mode) is irrelevant as there is enough
distance in frequency (and beyond the frequency span shown in Figure 3.13c).

The observed axion mode resonant frequency is at f = 8.439 GHz, being an excellent
result compared to the objective of 8.4 GHz. The unloaded quality and form factors are
Q0 = 39579 and C = 0.654, respectively, which are consistent with the findings from
Figure 3.11 for the stacking in height case in the scenarios with inductive and capacitive
windows for d = 100 mm (where for two subcavities the volume is V ≈ 37 mL). This lends
support to the theoretical study offered in this subsection. The haloscope overall volume
is V = 74 mL, and the total Q0 × V × C factor is 1915.47 L, or 9.56 times that of a single
cavity with the standard WR-90.

3.1.2.2 Tall subcavities

The tall structure, as explained in subsection 3.1.1.2, is a viable option for expanding the
haloscope volume. This approach may also be used to increase the subcavities height in
1D multicavity designs. As with the long subcavities discussed before, there are three
options for stacking the subcavities in a tall multicavity: in length, in height, and in width,
which are exposed in Figure 3.15a with an example of N = 3 tall subcavities. Examples
for these stacking orientations in dipole and solenoid magnet bores are shown from
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Figure 3.15: (a) Stacking options in a multicavity design based on N = 3 tall subcavities. Applica-
tion of these scenarios in dipole and solenoid bores. Dipole cases: (b) stacking in length,
(c) in height, and (d) in width. Solenoid cases: (e) stacking in length, (f) in height, and
(g) in width.

Figure 3.15b to Figure 3.15g.

In the case of dipoles, the tall multicavity with stacking in length (see Figure 3.15b)
should guide its vertical dimension towards the y−axis, limiting the height b value
(φBabyIAXO = 600 mm for the biggest dipole from Table 3.1), while the subcavity stacking
orientation must be parallel to the longitudinal axis of the magnet, which implies a
great freedom to increase N (LBabyIAXO = 10 m). For tall multicavities with stacking in
height within dipoles (see Figure 3.15c), the vertical dimensions of the haloscope and the
stacking must be parallel to the y−axis of the magnet, resulting in a significant restriction
in both parameters b and N (a total height of φBabyIAXO = 600 mm could be used for
the haloscope). If using multicavity haloscopes stacked in height is required, not too tall
subcavities (N = 15 design with b = 40 mm, for instance) could be employed, though it
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will be demonstrated below that there are more practical scenarios to enhance the total
volume in dipoles. Lastly, in dipole bores for tall subcavities with stacking in width (see
Figure 3.15d), both the height and the stacking direction must be guided to the transverse
plane of the magnet, but in opposite directions (seeing Figure 2.10d, y−axis for b, the
subcavity heights, and x−axis for N, the stacking of the subcavities). Because this scenario
is quite similar to the long multicavities with the stacking in width case employing
a solenoid magnet (see Figure 3.10g) described in the previous subsection, equivalent
considerations are used here for limiting the parameters b and N, taking the cylindrical
form of the magnet bore into account.

Tall multicavities with stacking in length for solenoid magnets (see Figure 3.15e) must
have their heights guided towards the longitudinal magnet axis (limiting the subcavity
height to b = LMRI = 800 mm) and the stacking orientation towards any radial magnet
axis (limiting the number of subcavities N considering the bore diameter φMRI = 650 mm).
For tall multicavities with stacking in height for solenoid magnets (see Figure 3.15f),
both the height and subcavity stacking must be guided towards the longitudinal axis
of the magnet, posing a significant constraint in the subcavity height and the number
of subcavities (total height limit of LMRI = 800 mm). For solenoids, this condition is
inefficient, comparable to the long multicavities stacked in length (see Figure 3.10e), since
the maximal magnet height from the list of Table 3.1 is L = 800 mm, which can easily be
attained with a single cavity. The remaining stacking orientations are more suited for this
form of multicavity since they make use of both the bore length and diameter. Lastly, for
the solenoid scenario employing tall subcavities with stacking in width (see Figure 3.15g),
it has the same condition as tall multicavities with stacking in length. In case of necessity
of using 1D multicavities with stacking in height, a multicavity based on not very tall
subcavities (16 subcavities of b = 50 mm, for example) might be designed.

Using a value of |k| = 0.025 for the physical coupling and increasing the height b
in a haloscope with N = 2, a research comparable to that of the preceding subsection
was conducted for all the stacking directions (in length, in height, and in width). The
performance of these sorts of stackings as a function of the total volume (which varies
with the height b) is depicted in Figure 3.16.

The stacking in height with an inductive iris scenario has a limitation in the haloscope
height with volume values approximately 50 mL providing the right |k| value, as it is
shown in Figure 3.16. The condition is comparable to that of the lengthy multicavities with
an in length stacking orientation. There is no such limitation for the other alternatives, and
the restriction is enforced by the mode separation. The in length and in width stackings
with an inductive iris and the in height stacking with a capacitive iris are the greatest
scenarios for the tall multicavities due to their large Q0 × V × C factor values as b (or V)
grows, as depicted in Figure 3.16c.
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Figure 3.16: Behaviour of each type of iris window (inductive and capacitive) on the design para-
meters of a tall N = 2 multicavity employing the stacking in length, in height and
in width: (a) form factor, (b) unloaded quality factor, and (c) Q0 × V × C factor. The
volume value depends only on the subcavity height since N is fixed.

Regardless of magnet dimensions, the limit in the N and b values is enforced by
the same principles as for single cavities (similarly to the long subcavities): the mode
clustering detailed in section 3.1.1.1, but taking into account the outcomes shown in
Figure 3.9b. Nonetheless, as previously indicated, the bore size of the magnets in an
X-band haloscope employing the multicavity design is often significantly lower than the
haloscope limitations for any type of stacking.

For validation, an all-inductive tall multicavity based on N = 4 subcavities with
b = 300 mm was designed and manufactured with subcavities stacked in length (see
Figure 3.17a). This haloscope would fit well in the magnets BabyIAXO (dipole) and MRI
(solenoid), as it is shown in Figures 3.15b and 3.15e, respectively.

56



y

z

x

dext

din

din

dext

ai

b

dh

ah/2 bh

a

t

(a) (b)

8.15 8.2 8.25 8.3 8.35 8.4 8.45

Freq. (GHz)

-70

-60

-50

-40

-30

-20

-10

0

|S
2
1
| 
(d

B
)

CST

Measurement

(c)

Figure 3.17: Produced prototype of the designed tall multicavity with N = 4 subcavities and three
inductive irises making use of the in length stacking: (a) 3D structure of one of the
two opposing symmetrical halves, (b) representation of the produced prototype disas-
sembled, and (c) magnitude of the S21 parameter versus the frequency for both the
simulation results and the measurements at T = 300 K. A good agreement is observed
between experimental and theoretical results.

One more time, the |k| value chosen for the iris couplings is 0.025, and the resulting
coupling matrix is:

M =

(
0.5 −0.5 0 0
−0.5 1 −0.5 0

0 −0.5 1 −0.5
0 0 −0.5 0.5

)
. (3.5)

Since the multicavity has all inductive irises, the signs of the M12, M23 and M34

parameters (and their symmetrical pairings) are negative.

Figure 3.17b depicts a photograph of the produced structure. The technical drawings for
the manufacturing of this prototype are depicted in Appendix I: Technical Drawings (see
Figure A.6). Figure 3.17c shows the magnitude of the S21 parameter versus the frequency
for both simulation results and measurements, which agree well. The VNA ZVA67 with the
TOSM (Through - Open - Short - Match) calibration has been used for the electromagnetic
characterisation (measurement of the Scattering Parameters as a function of the frequency)
of all the structures manufactured in this PhD thesis.

57



The prototype dimensions are as follows: subcavity heights b = 300 mm, subcavity
widths a = 22.86 mm, external subcavity lengths dext = 27 mm, inner subcavity lengths
din = 26 mm, inductive iris widths ai = 9 mm. The thickness value of all the iris
windows is t = 2 mm. The haloscope whole dimensions, including the copper housing
thickness (with tCu = 5 mm), are: height bh = 310 mm, width ah = 32.86 mm, and length
dh = 122 mm.

Based on simulations using copper walls, the axion mode (at 8.227 GHz) has an
unloaded quality factor of Q2K

0 = 76000 at T = 2 K and Q300K
0 = 13200 at T = 300 K. The

prototype measurements gave a quality factor of Q300K
0 = 7300 (55.3 % of the simulation

outcomes), which matches with a common drop in manufactured Q0 when compared
to previous RADES haloscopes [27]. The decrease in Q0 can be attributed to a variety of
factors, the most common of which are machining roughness and discontinuities of the RF

surface current caused by fabrication cuts and assembling process.

In terms of form factor, a C = 0.625 has been found (through simulations), which
can be enhanced further by optimisation. Table 3.6 lists the configuration modes of the
resonances shown in Figure 3.17c.

Freq. (GHz) Resonant mode Configuration

8.227 TE101 [+ + + +]

8.241 TE111 [+ + + +]

8.288 TE121 [+ + + +]

8.338 TE101 [+ + – –]

8.352 TE111 [+ + – –]

8.363 TE131 [+ + + +]

8.398 TE121 [+ + – –]

Table 3.6: Configurations modes shown in Figure 3.17c.

The mode clustering of this prototype is ∆ f = 0.17 % (14.3 MHz), which corresponds
to the results from Figure 3.4b for the case b/a = 300/22.86 = 13.12. The closeness of the
following configuration mode ([+ + – –]) is not a concern since it is frequency far (1.35 %
or 111.4 MHz), which is to be expected given the small value of N (N = 4). The haloscope
entire volume is V = 743 mL, and the Q0 × V × C factor value is 3.53× 104 L, or 176.14
times that of a single cavity with the standard WR-90.

Tall multicavities have a further feature that helps to relieve mode clustering: the occur-
rence of transmission zeros. They are produced by the interaction of higher order modes
when their frequencies are near. For instance, a transmission zero develops on the right
side of the axion mode (TE101) as a result of interaction with the TE111 mode. This can be
explained with the phase cancellation between the mode signals. However, these transmis-
sion zeros can fade out and shift to the complex plane if the modes that create them have
a low quality factor. In [107], more details can be found.
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3.1.2.3 Large subcavities

Combining all of the preceding approaches is a great strategy for increasing the haloscope
volume: 1D multicavity prototype with large (this is, long and tall) subcavities. It is
expected that the ideal stacking orientation in a large multicavity will be fairly similar
to that in multicavities with a long dimension and in multicavities with a tall dimension.
Inspecting Figures 3.11 and 3.16, it is extracted that the stacking with the best Q0 ×V × C
results (taking into account only the limitation in the mode clustering) is the in height
employing a capacitive iris for both dipoles and solenoids. Nevertheless, the ideal stacking
orientation varies on the magnet used owing to its size, as it is seen in Figures 3.10 and 3.15.

In the dipole magnet of BabyIAXO, for instance, a large multicavity haloscope with
stacking in width (as are the cases depicted in Figures 3.10d and 3.15d but with large
subcavities) with a = 17.85 mm, b =

φBabyIAXO
2

√
2− 2tCu = 414.26 mm, and d = 1600 mm

(restricted to prevent mode separation issues, as it is shown in Table 3.4) using a number
of subcavities of N = b b

a+tc = 20 (being t = 2 mm the iris thickness) could be introduced.
This haloscope dimensions would give a total volume of V = 236.75 L. In the solenoid
magnet of MRI (ADMX-EFR), on the other hand, a multicavity employing the stacking
in width (as it is the case in Figures 3.10g and 3.15g but using large subcavities) with
a = 17.85 mm, b = LMRI = 800 mm, and d = φMRI

2

√
2− 2tCu = 449.62 mm, with a number

of subcavities of N = b d
a+tc = 22 could be installed. This large haloscope would give a

total volume of V = 141.52 L. When the multicavity volume in both magnets is compared
the BabyIAXO scenario gives a better value. Despite the smaller value of the volume
(141.52 L versus 236.75 L) and considering equation 2.10, the smaller value of the system
temperature of the solenoid MRI bore (0.1 K versus 4.2 K, as it is described in Table 3.1)
and its greater magnetic field (9 T versus 2.5 T) make it far more recommended.

As a introductory proof of concept, a large (employing d = 100 mm and b = 100 mm)
all-inductive design with N = 4 subcavities stacked in width is carried out. A 3D model
of this multicavity is depicted in Figure 3.18a. In this example, the physical coupling |k|
value is chosen (and its consequent coupling matrix) is that of the previous subsection
with a tall design with four subcavities (see equation 3.5). The magnitude of the S21

parameter versus frequency is depicted in Figure 3.18b, which has been obtained from
simulation. The structure dimensions are as follows: subcavity lengths d = 100 mm,
subcavity heights b = 100 mm, external subcavity widths aext = 17.85 mm, inner subcavity
widths ain = 17.6 mm, iris widths ai = 8.9 mm, and iris thicknesses t = 2 mm.

For the TE101 mode, the unloaded quality factor at T = 2 K is Q0 = 58327, and the
simulated form factor value is C = 0.464. For this example, the parameter C of the
haloscope was not optimised (future line from this PhD thesis). Table 3.7 registers the
configuration modes that are shown in Figure 3.18b.
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Figure 3.18: Multicavity design with three inductive couplings and four subcavities incorporating
the long and tall cavity concepts (this is, a large structure): (a) 3D model of a symmet-
rical halve of the prototype, and (b) S21 parameter in magnitude versus the frequency
at T = 2 K (obtained from simulation).

Freq. (GHz) Resonant mode Configuration

8.124 TE101 [+ + + +]

8.26 TE111 [+ + + +]

8.277 TE101 [+ + – –]

8.409 TE101 [+ – – +]

8.415 TE111 [+ + – –]

8.49 TE101 [+ – + –]

8.544 TE111 [+ – – +]

8.62 TE111 [+ – + –]

8.657 TE121 [+ + + +]

Table 3.7: Configuration modes depicted in Figure 3.18b.

The relative mode clustering for this haloscope is ∆ f = 1.67 % (136 MHz), which is
close to the value shown in Figure 3.4b for the case at b/a = 100/17.7 = 5.65 (1 %).
Because the ports are located at the middle of the subcavities they prevent the TE102 mode
excitation, which has a zero E-field at that location. If this mode occurred, it would meet
the mode clustering described in Figure 3.2a with the case d/a = 100/17.7 = 5.65 (4.45 %).
The distance of the following configuration mode ([+ + – –]) is not a concern since it is
far apart in frequency (1.88 % or 153 MHz) because of the small N value utilised in this
prototype. The S21 parameter of this haloscope, like the one in the preceding subsection
(tall multicavities), reveals transmission zeros formed between resonant modes, assisting
in their separation when they are near in frequency.

The total structure volume is V = 714 mL, giving a value in the Q0 × V × C factor of
1.9× 104 L, or 96.44 times that of a single cavity with standard WR-90.
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3.1.3 2D and 3D multicavities

From the 1D multicavity concept the development of 2D and 3D multicavities can be
carried out, geometries that might be useful for fitting the available space in partic-
ular magnets. They can also give transmission zeros, which may be utilised to reject
neighbouring modes to the axion one. These topologies use cross-couplings, a kind of
interresonator coupling that are generated by irises that couple non-adjacent subcavit-
ies [74]. The easiest technique to achieve this aim is to fold the multicavity structure
either vertically or horizontally, allowing for the introduction of coupling windows
between subcavities that are not adjacent, and so generating a 2D multicavity. The
resultant haloscope is a 3D multicavity if the initial topology (in-line) is folded along
two distinct axes. Two examples of 2D multicavities (vertically and horizontally fol-
ded), and one example of 3D multicavity are shown in Figure 3.19. It should be noted
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Figure 3.19: 2D and 3D multicavity examples employing cross-couplings: (a) 2D multicavity ho-
rizontally folded with N = 10 subcavities and four cross-coupling irises (a diagram
of the topology is depicted at the corner), (b) 2D multicavity vertically folded with
the same topology as in the (a) case, and (c) 3D multicavity (horizontally and vertic-
ally folded) with N = 12 subcavities and nine cross-coupling irises. In the diagram of
the topologies, a solid line indicates the principal coupling path while a dashed line
denotes a cross-coupling.

that diagonal cross-couplings might be included if necessary (for example, between the
1st and second last subcavities), however they are not included in these cases for simplicity.
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For the 2D and 3D structures depicted in Figure 3.19, the corresponding coupling
matrices to its topology diagrams are, respectively, as follows:

M2D =



Ω1 M1,2 0 0 0 0 0 0 0 M1,10
M1,2 Ω2 M2,3 0 0 0 0 0 M2,9 0

0 M2,3 Ω3 M3,4 0 0 0 M3,8 0 0
0 0 M3,4 Ω4 M4,5 0 M4,7 0 0 0
0 0 0 M4,5 Ω5 M5,6 0 0 0 0
0 0 0 0 M5,6 Ω6 M6,7 0 0 0
0 0 0 M4,7 0 M6,7 Ω7 M7,8 0 0
0 0 M3,8 0 0 0 M7,8 Ω8 M8,9 0
0 M2,9 0 0 0 0 0 M8,9 Ω9 M9,10

M1,10 0 0 0 0 0 0 0 M9,10 Ω10


(3.6)

M3D =



Ω1 M1,2 0 0 0 M1,6 0 0 0 0 0 M1,12
M1,2 Ω2 M2,3 0 M2,5 0 0 0 0 0 M2,11 0

0 M2,3 Ω3 M3,4 0 0 0 0 0 M3,10 0 0
0 0 M3,4 Ω4 M4,5 0 0 0 M4,9 0 0 0
0 M2,5 0 M4,5 Ω5 M5,6 0 M5,8 0 0 0 0

M1,6 0 0 0 M5,6 Ω6 M6,7 0 0 0 0 0
0 0 0 0 0 M6,7 Ω7 M7,8 0 0 0 M7,12
0 0 0 0 M5,8 0 M7,8 Ω8 M8,9 0 M8,11 0
0 0 0 M4,9 0 0 0 M8,9 Ω9 M9,10 0 0
0 0 M3,10 0 0 0 0 0 M9,10 Ω10 M10,11 0
0 M2,11 0 0 0 0 0 M8,11 0 M10,11 Ω11 M11,12

M1,12 0 0 0 0 0 M7,12 0 0 0 M11,12 Ω12


. (3.7)

The three principal diagonals in both matrices behave similarly to the equation 3.2.
Nevertheless, because of the novel cross-couplings, a non-zero anti-diagonal element
arises for 2D and 3D multicavities. Furthermore, for 3D haloscopes extra cross-couplings
might arise as a result of the folding created in the two axes (horizontally and vertically
folded), as it can be seen in Figure 3.19c. This is the scenario for the parameters M1,6, M2,5,
M7,12 and M8,11 (and its symmetrical pairs).

A thorough research was conducted as a preliminary proof of concept, in which numer-
ous types of topologies were tried on an all-inductive 2D multicavity. The experiment was
carried out on a N = 6 subcavities structure folded horizontally (with three subcavities in
each row of the multicavity). All the subcavities possess the WR-90 standard dimensions.
The primary goal of this research is to design a topology that rejects the axion next
configuration mode to enhance the mode separation. This was accomplished with only
one cross-coupling, which consisted of inserting an inductive window iris between the
first and final (the 6th) subcavity. This multicavity was designed, optimised, and produced.

The next coupling matrix was used in the design of this haloscope to create the geometry
dimensions:

M =


1 −0.5 0 0 0 −0.5
−0.5 1 −0.5 0 0 0

0 −0.5 1 −0.5 0 0
0 0 −0.5 1 −0.5 0
0 0 0 −0.5 1 −0.5
−0.5 0 0 0 −0.5 1

 . (3.8)

Because of the employment of a cross-coupling window, a non zero value is picked for
the parameters M16 and M61, as it is shown in equation 3.8. Considering this coupling
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matrix, it is clear that the sign is negative for all the interresonator couplings, which
means k < 0. This implies that all the irises of the haloscope are set to inductive type,
which is also applied to the cross-coupling one. A 3D model of the prototype is depicted
in Figure 3.20.

b

a

a

d1

d2

d3

a12

a23

a12

a23

d1

d2

d3

a16

a34

t

Figure 3.20: 3D model of an all-inductive 2D multicavity with N = 6 folded horizontally. The
structure is based on two symmetrical rows of three subcavities. The physical folding
in the horizontal plane gives the possibility of adding an inductive window between
the 1st and 6th subcavities.

Figures 3.21a and 3.21b show two images of the constructed prototype. The technical
drawings for the manufacturing of this prototype are depicted in Appendix I: Technical
Drawings (see Figures A.7 and A.8). The optimisation procedure involved altering the
frequency location of one of the transmission zeros in order to reject the nearest mode.
This rejection of the nearest mode can be seen in Figure 3.21c, which shows the magnitude
of the S21 parameter versus frequency for the design once it is optimised. Measurement
results and the response of a structure with N = 6 (without cross-couplings) have been
added for comparison.

The optimization of this structure provided the following dimensions (according to
the Figure 3.20): a = 22.86 mm, b = 10.16 mm, d1 = 26.516 mm, d2 = 26.845 mm,
d3 = 26.503 mm, a12 = a23 = 9.921 mm, a34 = 8.894 mm, a16 = 9.203 mm, and t = 2 mm.

The mode clustering between the axion mode (which is located at 8.013 GHz) and
the next configuration mode has been computed obtaining ∆ f = 127 MHz. The meas-
urements provided a value of 111 MHz (being 34 MHz the mode separation without
cross-couplings), so there is good agreement between both results. According to the
studies using copper material, the axion mode has a Q2K

0 = 40000 at T = 2 K and a
Q300K

0 = 6800 at T = 300 K. The measurements of the prototype at T = 300 K yield to
a value of Q0 = 4000 with the copper coating, which is a value that accounts for 60% of
the simulation result. The form factor calculated for the axion mode is C = 0.702. It is
worth noting that the C parameter value for this haloscope is greater than the theoretical
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Figure 3.21: All-inductive 2D multicavity with N = 6 folded horizontally and a cross-coupling:
(a) photo of the produced components (three sections), (b) topology diagram and pic-
ture of the mounted prototype with a copper coating, and (c) magnitude of the S21
parameter in magnitude versus frequency (simulation results and measurements at
T = 300 K). To demonstrate the cancellation of the nearest mode using transmission
zeros, the simulated response of a multicavity with N = 6 subcavities (but without
cross-couplings) has been included.

one for a single rectangular cavity. This is caused by the employment of many subcavities
coupled by irises, where one of the configuration modes is rejected by a transmission
zero. As a result, the transmission zeros offer a fantastic opportunity not only to enhance
the mode separation but also to slightly improve C. Even better results could be obtained
when 2D and 3D geometries are employed at the same time with long, tall, or even large
multicavities (or also the alternating iris idea) considering the main parameters studied in
this work: the Q0×V ×C factor, the mode separation (∆ f ), the physical coupling between
subcavities (k), the employment of transmission zeros generated by cross-coupling, and
the magnet sizes for dipole and solenoid bores (see models from Figures 3.10 and 3.15).

The overall volume obtained in this structure is V = 38 mL, and the Q0 × V × C value
is 1067 L, being 5.33 times that of a single cavity with the standard WR-90.

As a conclusion to this work, an intriguing 2D shape is now offered to make better use
of the available bore footprint of the magnets. Because there are no cross-couplings in this
case, and thus it does not include transmission zeros, the design is more straightforward
than the prior one. The concept is based on the introduction of a meander shape in a
multicavity, as it can be seen in Figure 3.22a. Figure 3.22b also depicts the magnitude of
the S21 parameter versus frequency. Because the structure is designed with all inductive
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Figure 3.22: 2D multicavity design of N = 9 subcavities with a meander shape: (a) 3D model of the
structure, (b) computing of the magnitude of the S21 parameter versus frequency.

irises, the axion mode is the initial resonance in the S21 response.

Despite the fact that the geometry of this haloscope is 2D, it is topologically 1D because
it only employs irises from nearby resonators. This is seen in its coupling matrix:

M =


0.5 −0.5 0 0 0 0 0 0 0
−0.5 1 −0.5 0 0 0 0 0 0

0 −0.5 1 −0.5 0 0 0 0 0
0 0 −0.5 1 −0.5 0 0 0 0
0 0 0 −0.5 1 −0.5 0 0 0
0 0 0 0 −0.5 1 −0.5 0 0
0 0 0 0 0 −0.5 1 −0.5 0
0 0 0 0 0 0 −0.5 1 −0.5
0 0 0 0 0 0 0 −0.5 0.5

 . (3.9)

The resulting dimensions of this haloscope (see Figure 3.22a) are the following:
a = 22.86 mm, b = 10.16 mm, d1 = 25.2 mm, d2 = d3 = d4 = d5 = 22 mm,
a12 = a23 = a34 = a45 = 10.25 mm, and t = 2 mm. This structure has a resonant frequency
for the axion mode of fa = 8.385 GHz, a form factor of C = 0.684, and an unloaded quality
factor of Q2K

0 = 41475, which are extremely good results when compared to earlier RADES

haloscopes and those given in the previous sections. According to Figure 3.9b, the mode
separation ∆ f is 30.8 MHz (0.37%). The haloscope overall volume is V = 49.14 mL, and
the value of the Q0 × V × C factor is 1394.05 L, or 6.96 times that of a single cavity with
the standard WR-90.

The advantages of this multicavity geometry stem from its quasi-square form. In this
example, the haloscope has a footprint of 72.58× 76.4 mm2 (along its width and its length),
being 22.86× 286.4 mm2 (an elongated form) for the 1D multicavity scenario. This quasi-
square area can be more suited in some circumstances where the bore of the magnet
is restricted in all dimensions (as with some solenoid magnets, like the scenario from
Figure 3.10g). In practise, several of the approaches presented in this PhD thesis can be
merged to make better use of available room in the utilised magnet.
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3.2 analysis of the quality factor in haloscopes

The quality factor of a haloscope cavity is one of the most important parameters to increase
the axion-photon sensibility (see equation 2.10). Unfortunately, as it is previously stated,
the Q0 value is significantly reduced (usually by half) when the structure is fabricated. In
the next section, the theory for the extraction of the loaded and unloaded quality factors,
Ql and Q0, respectively, and the external coupling factor κ in a system based on a reson-
ant circuit with two ports is presented. Thus, κ can be written in terms of the coupling
coefficient β with the expression

κ =
β

1 + β
. (3.10)

Additionally, in the following sections, several RADES structures will be analysed for
studying these parameters.

3.2.1 Ql , Q0 and β in microwave resonators

Filters, oscillators, frequency meters, and tuned amplifiers are just a few of the uses for
microwave resonators. Because the functioning of microwave resonators can be modelled
using classical circuit theory with lumped-element resonators, firstly, the examination of
the fundamental properties of series and parallel RLC (Resistor + Inductor + Capacitor)
resonant circuits is reviewed. Then, utilising distributed elements such as transmission
lines and rectangular waveguides, several implementations of resonators at microwave
frequencies are presented. The employment of coaxial probes and iris windows to excite
resonators is also discussed.

A microwave resonator can generally be described at near-resonant frequencies by either
a series or parallel RLC lumped-elements equivalent circuit, which fundamental features
are presented as follows [69].

3.2.1.1 Series resonant circuit

Figure 3.23 depicts a series RLC resonant circuit, where it can be easily seen that the input
impedance is:

Zin = R + jωL− j
1

ωC
. (3.11)

On the other hand, the complex power delivered to the resonator is

Pin =
1
2

VI∗ =
1
2

Zin |I|2 =
1
2

Zin

∣∣∣∣ V
Zin

∣∣∣∣2 =
1
2
|I|2

(
R + jωL− j

1
ωC

)
. (3.12)

The resistor dissipated power is expressed as the real part of the complex power,

Ploss =
1
2
|I|2 R. (3.13)
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Figure 3.23: Series RLC resonant circuit.

Taking into account that Vc is the voltage across the capacitor, the average magnetic and
electric energies stored in the inductor and capacitor, respectively, are:

Wm =
1
4
|I|2 L, (3.14)

We =
1
4
|Vc|2 C =

1
4
|I|2 1

ω2C
. (3.15)

Thus, Pin and Zin can be reformulated as

Pin = Ploss + 2jω (Wm −We) , (3.16)

Zin =
2Pin

|I|2
=

Ploss + 2jω (Wm −We)
1
2 |I|

2 . (3.17)

When the average stored magnetic and electric energies are equivalent, that is, Wm = We,
resonance occurs. In this situation, equation 3.17 is rewritten, considering equation 3.13, as
follows

Zin =
Ploss
1
2 |I|

2 = R. (3.18)

Also, considering equations 3.14 and 3.15, the resonant frequency (ω0) is defined as

ω0 =
1√
LC

. (3.19)

The unloaded quality factor Q is a very important parameter in a resonant circuit and it
is defined as follows [69]

Q = ω
Average energy stored

Energy loss/second (or Power loss)
= ω

Wm + We

Ploss
. (3.20)

Therefore, the value of Q is an indicator of the resonant circuit losses (a smaller loss
leads to a greater Q value). Resonator losses can be caused by the losses of the conductor,
dielectric, or radiation, and are represented by the equivalent circuit resistor R. An
external connected network might result in further losses. Each of these losses will result
in a decrease in the quality factor. The unloaded Q, written as Q0, is the quality factor of

67



the resonator itself, excluding external loading effects.

Employing equations 3.13, 3.14, 3.15 and 3.20, the unloaded quality factor of the circuit
from Figure 3.23, in resonance, can be expressed as

Q0 = ω0
2Wm

Ploss
=

ω0L
R

=
1

ω0RC
. (3.21)

On the other hand, making ω = ω0 + ∆ω, being ∆ω small, and considering a frequency
close to the resonance, the input impedance from equation 3.11 may be rewritten as

Zin = R + jωL
(

1− 1
ω2LC

)
= R + jωL

(
ω2 −ω2

0
ω2

)
, (3.22)

with ω2
0 = 1

LC . Due to the fact that ω2 − ω2
0 = (ω−ω0) (ω + ω0) = ∆ω (2ω− ∆ω) '

2ω∆ω when ∆ω is small, the previous impedance can be expressed as

Zin ' R + j2L∆ω ' R + j
2RQ0∆ω

ω0
, (3.23)

which is useful for the identification of equivalent circuits in resonators with distributed
elements.

A resonator with losses can also be characterised as a lossless resonator with the reson-
ant frequency, ω0, replaced with a complex effective resonant frequency [69]:

ω0 → ω0

(
1 +

j
2Q0

)
, (3.24)

which can be seen as the Zin of a series resonator circuit without losses (R = 0):

Zin = j2L (ω−ω0) . (3.25)

This, employing equation 3.24, Zin can be transformed into

Zin = j2L
(

ω−ω0 − j
ω0

2Q0

)
=

ω0L
Q0

+ j2L (ω−ω0) = R + j2L∆ω, (3.26)

which coincides with equation 3.23. Since the loss for most real resonators is relatively
minimal, the quality factor may be calculated using the perturbation approach, starting
with the lossless solution. Then, by substituting ω0 with the complex resonant frequency
(equation 3.24), the impact of losses may be applied to the input impedance.

In conclusion, examining the resonator half-power bandwidth depicted in Figure 3.24,
which shows the magnitude of the input impedance as a function of the frequency, it can
be seen that when the frequency is such that |Zin|2 = 2R2, the average (real) power given
to the circuit is one-half that delivered at resonance, as calculated by equation 3.12. BW is
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Figure 3.24: Magnitude of the input impedance (solid blue line) for the series RLC resonant circuit
from Figure 3.23 in an example with R = 50 Ω and L = 10 nH. Computed employing
equation 3.23.

the fractional bandwidth, and considering ∆ω
ω0

= BW
2 at the upper band edge, equation 3.23

yields to

|R + jRQ0(BW)|2 = 2R2 → BW =
1

Q0
. (3.27)

3.2.1.2 Parallel resonant circuit

Figure 3.25 depicts a parallel RLC resonant circuit, the dual of the series RLC resonant
circuit, where it can be seen that the input impedance is:

Zin =

(
1
R
+

1
jωL

+ jωC
)−1

. (3.28)

V

I

+

-

RC L

Zin

Figure 3.25: Parallel RLC resonant circuit.

The complex power delivered to the resonator is

Pin =
1
2

VI∗ =
1
2

Zin |I|2 =
1
2
|V|2 1

Z∗in
=

1
2
|V|2

(
1
R
+

j
ωL
− jωC

)
. (3.29)
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On the other hand, the dissipated power of the resistor (R) is expressed as

Ploss =
1
2
|V|2

R
. (3.30)

Taking into account that IL is the current through the inductor, the average electric and
magnetic energies stored in the capacitor and inductor, respectively, are:

We =
1
4
|V|2 C, (3.31)

Wm =
1
4
|IL|2 L =

1
4
|V|2 1

ω2L
. (3.32)

Thus, Pin and Zin can be reformulated as

Pin = Ploss + 2jω (Wm −We) , (3.33)

Zin =
2Pin

|I|2
=

Ploss + 2jω (Wm −We)
1
2 |I|

2 , (3.34)

which are identical to its homologous in a series RLC circuit (equations 3.16 and 3.17,
respectively).

The resonance condition occurs when, as in the case of the series circuit, Wm = We. In
this situation, considering equations 3.30 and 3.34, the input impedance is converted into

Zin =
Ploss
1
2 |I|

2 = R, (3.35)

which is also identical to its homologous in a series RLC circuit (equation 3.18). Thus, with
equations 3.31 and 3.32, the resonant frequency can be expressed as

ω0 =
1√
LC

, (3.36)

again identical to the series case (equation 3.19).

The unloaded quality factor (Q0) of the parallel resonant circuit can be expressed using
the definition of equation 3.20 and the results in equations 3.32, 3.31 and 3.30:

Q0 = ω0
2Wm

Ploss
=

R
ω0L

= ω0RC. (3.37)

In contrast to the series circuit, in a parallel RLC circuit the quality factor increases with
the resistance R.
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The series expansion can be used to simplify the input impedance of equation 3.28 near
resonance. Then, assuming ω = ω0 + ∆ω, being ∆ω small, this input impedance can be
converted into

Zin '
(

1
R
+

1− ∆ω/ω0

jω0L
+ jω0C + j∆ωC

)−1

'
(

1
R
+ j

∆ω

ω2
0 L

+ j∆ωC
)−1

'

'
(

1
R
+ 2j∆ωC

)−1

' R
1 + 2j∆ωRC

=
R

1 + 2jQ0∆ω/ω0
,

(3.38)

with ω2
0 = 1

LC . For R = ∞, this parameter is reduced to

Zin =
1

2jC (ω−ω0)
. (3.39)

As with the series resonator, the impact of loss may be considered by substituting ω0

with a complex effective resonant frequency (see equation 3.24).

Figure 3.26 depicts the magnitude of the input impedance versus frequency in an ex-
ample. The edges of the half-power bandwidth lie at frequencies where |Zin|2 = R2

2 , this is
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Figure 3.26: Magnitude of the input impedance (solid blue line) for the parallel RLC resonant circuit
from Figure 3.25 in an example with R = 50 Ω and C = 10 pF. Computed employing
equation 3.38.

∆ω
ω0

= BW
2 , which yields (with equation 3.38) to

BW =
1

Q0
, (3.40)

as in the series resonant circuit (equation 3.27).

3.2.1.3 Loaded and Unloaded Q

The unloaded quality factor (Q0) can be defined as the Q in the absence of any loading
effects generated by external devices, and it is a property of the resonator itself. However,
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in reality, a resonator is most of the times connected to other circuitry, which reduces its
overall or loaded Q (Ql). Figure 3.27 shows a resonator with an external load resistor RL.

RL

Resonant 

circuit

Figure 3.27: Resonator connected to a external load RL.

If this resonator is a series RLC circuit, the external resistor RL adds in series with
R, resulting in R + RL as the total resistance in equation 3.21. Because the load resistor
RL combines in parallel with R in a parallel RLC circuit, in this case the total resistance
in equation 3.37 is RRL

(R+RL)
. Another type of quality factor can be defined for taking into

account this effect: the external quality factor, which is expressed as

Qseries
e =

ω0L
RL

, (3.41)

for series RLC circuits, and

Qparallel
e =

RL

ω0L
, (3.42)

for parallel RLC circuits. Thus, the loaded quality factor Ql is defined as

1
Ql

=
1

Qe
+

1
Q0

, (3.43)

which is valid for both series and parallel RLC resonator circuits.

3.2.1.4 The coupling coefficient and critical coupling in excited resonators

Resonators are usually useless if they are not coupled to a external circuitry. Therefore,
how they can be coupled to transmission lines and waveguides must be reviewed. The
employed method depends on the type of resonator. Figure 3.28 shows various examples
of resonator coupling procedures.

In this section, it is explained how some of the most common coupling techniques,
such as coaxial probe and aperture coupling, work. Firstly, the critical coupling and
the coupling coefficient for a resonator coupled to a feed line should be examined. A
related practical subject is determining the unloaded quality factor of a resonator from the
two-port response of a resonator coupled to a transmission line, which will be explained
in the next section.

The amount of energy coupled required between a resonator and its connected devices
is determined by the application. For example, in order to retain a high quality factor
and acceptable accuracy, a waveguide cavity used as a frequency-metre is often loosely
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(a) (b) (c)

Figure 3.28: Examples of external couplings for exciting a rectangular waveguide resonator: (a)
inductive iris window, (b) coaxial probe antenna, and (c) loop coaxial antenna. (a)
and (b) show the symmetric half, being the dashed region the symmetry plane. In
(c) the cutting plane is slightly shifted from the symmetrical plane to facilitate the
visualization of the loop shape.

connected to its feed guide. A resonator employed in an oscillator or tuned amplifier, on
the other hand, may be strongly coupled for optimum power transmission (maximum
power transfer). The coupling coefficient (β) expresses the degree of coupling between a
resonator and a feed. To achieve optimal power transmission between a resonant device
and a feed line, the resonator should be matched to the line at the resonant frequency;
this is referred to as critical coupling. In haloscopes, this is also an important condition that
should be maintained when searching for axions in order to optimise its sensibility (gaγγ).

Considering the circuit from Figure 3.29 and equations 3.23 and 3.21, the input imped-
ance and quality factor of a series resonant circuit close to the resonant frequency is

Zin = R + j2L∆ω = R + j
2RQ0∆ω

ω0
, (3.44)

Q0 =
ω0L

R
. (3.45)

R

C

L

Zin

Z0

Figure 3.29: Series RLC resonant circuit connected to a feedline of characteristic impedance Z0.
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When ω = ω0, ∆ω = 0, which leads to Zin = R. On the other hand, for matching the
resonant circuit with critical coupling the resistance must coincide with the characteristic
impedance of the feedline (R = Z0). Then, the unloaded quality factor can be expressed as

Q0 =
ω0L

R
=

ω0L
Z0

. (3.46)

Therefore, the external quality factor, employing equation 3.41, can be expressed as

Qe =
ω0L
Z0

= Q0, (3.47)

which illustrates that, under the condition of critical coupling, the external and unloaded
Q’s are equivalent. If the Qe = Q0 condition is applied to the equation 3.43, it can be
extracted that the loaded quality factor is half of the unloaded one (Ql = Q0/2).

The coupling coefficient β can be expressed as [69]

β =
Q0

Qe
, (3.48)

and when coupled to a transmission line with characteristic impedance Z0, this parameter
may be used in both series (β = Z0

R , from equations 3.48, 3.47 and 3.45) and parallel
(β = R

Z0
, from equation 3.48, Q0 = ω0RC and Qe = ω0Z0C) resonant circuits. There are

three distinct cases:

• β < 1, the undercoupled case

• β = 1, the critically coupled case

• β > 1, the overcoupled case

A very useful tool is commonly used by microwave engineers for analysing the coupling
coefficient: the Smith Chart. P. Smith (Bell Telephone Laboratories) created a graphical tool
for solving transmission line problems in 1939. Figure 3.30 depicts the Smith diagram or
Smith chart with examples for the three previous cases, which is simply a representation
of the reflection coefficient in the complex plane.

The Smith chart primary utility is the conversion of the reflection coefficient to norm-
alised impedances (or admittances) and vice versa. The relationship between these two
parameters is shown in [108].

3.2.1.5 β extraction from one-port measurements

There are many possibilities to extract the value of β from a measurement (experimental
or simulation) [109]. In this PhD thesis, several of these methods are reviewed. The
first of them is based on modifying the phase of the reflection parameter S11 from the
measurement. The idea is to shift the S11 circle for being projected on the Smith chart
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Figure 3.30: Smith chart sketching the impedance position for the series resonant circuit (equa-
tion 3.44 in the circuit from Figure 3.29) with three examples: undercoupled (β < 1 or
R > Z0, the blue line), critically coupled (β = 1 or R = Z0, the red line), and over-
coupled (β > 1 or R < Z0, the green line). The characteristic impedance of the feedline
(Z0) is fixed, so the parameter that controls the β value, and therefore the diameter of
the circle in the Smith chart, is the resistance R.

at the left (modelled by the parallel equivalent circuit) or right (modelled by the series
equivalent circuit, as it is the case in the three examples from Figure 3.30) side. Once it is
done, the next step is to check the point of intersection between the circle and the x−axis
of the Smith chart (which represents the region with imaginary parts zero, ={z} = 0). If
the circle is centered at the left side, β will take the value of the <{z} Smith chart circle
crossing such point. If it is centered at the right side, β will take the inverse of the <{z}
Smith chart circle value. In Figure 3.31 two measurement examples for both types are
shown.
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Figure 3.31: Smith chart showing four examples including undercoupled (blue lines) and over-
coupled (green lines) measurements for two types of phase shifting: S11 circle at the
left side (dashed lines) and at the right side (solid lines).

Thus, it can be seen how the diameter of the S11 circle projected on the Smith chart
is directly proportional to the value of the reflection coefficient β, independently of the
phase value (position of the circle). If this circle exceeds the center of the Smith chart,
the cavity is overcoupled. If not, it is undercoupled (or critically coupled for the circle
touching the center).

The second method studied in this PhD thesis is based on employing the following
equations [109]:

β =
1− |Sω0

11 |
1 + |Sω0

11 |
, (3.49)
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for β < 1, and

β =
1 + |Sω0

11 |
1− |Sω0

11 |
, (3.50)

for β > 1, where |Sω0
11 | is the magnitude (in linear) of the reflection parameter at the

resonant frequency. To identify whether the cavity is under or overcoupled, the circle of
the S11 projected on the Smith chart is usually observed. Another procedure to identify
whether a port is over or undercoupled, without the Smith chart, is based on varying
its coupling (the depth of the antenna in the case of the coaxial probe, for example)
and observing whether the resonance bell (of S11 or S21 parameter) widens or narrows.
If the bell narrows when the coupling increases, the port is undercoupled, if not, it is
overcoupled.

The previous methods can also be applied employing the complex plane instead of the
Smith chart, which can be occasionally worth if the Smith chart tool is not available at
the time of the β extraction. In this case, the diameter D of the S11 circle projected on the
complex plane is the parameter employed for the β computing with the following equation
[109]:

β =
D

2− D
. (3.51)

In Figure 3.32 two examples are shown to explain the behaviour of the parameter D
in both undercoupled and overcoupled cases. For the undercoupled case, D takes the

Re
+1

+1

-1 -0.5

-0.5

+0.5

+0.3

+0.5

D1

D1 = 0.5

D2 = 1 + 0.3 = 1.3

D2

-1

Im

0

Figure 3.32: Complex plane depicting two measurement examples: undercoupled (blue line) and
overcoupled (green line).

absolute value of the point of intersection between the circle and the x−axis. For the
overcoupled case, the D parameter value is equal to the x−axis intersection point plus +1.
The undercoupled example from Figure 3.32 has a coupling coefficient of β = 0.5

2−0.5 = 0.33
and the overcoupled case β = 1.3

2−1.3 = 1.86.
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On the other hand, several methods are described in [109] for extracting the Q0 value
from the reflection parameter in one-port measurements. However, in general, the cavities
studied in this PhD thesis are based on two-port measurements, although for haloscopes
one of the ports is usually very undercoupled. In [109] is also described how to compute
the unloaded quality factor in presence of coupling losses (which is typically represented
as a S11 circle shifted towards the center of the Smith chart).

3.2.1.6 β and Q0 extraction from two-port measurements

Figure 3.33 depicts a two-port network formed by a series RLC resonator installed in series
between two transmission lines with characteristic impedances Z01 and Z02, which act as
ports (Port 1 and Port 2, respectively). In this situation, the loading effect is separated

R
C

Port 2Port 1
L

Zin

Z01
Z02

Figure 3.33: Series RLC resonant circuit with 2 ports.

into two external quality factors: Qe1, referred to Port 1, and Qe2, referred to Port 2. Thus,
equation 3.43 becomes

1
Ql

=
1

Qe1
+

1
Q0

+
1

Qe2
. (3.52)

Multiplying by Q0Ql to this equation leads to

Q0Ql

Ql
=

Q0Ql

Qe1
+

Q0Ql

Q0
+

Q0Ql

Qe2
→ Q0 = Ql

(
1 +

Q0

Qe1
+

Q0

Qe2

)
. (3.53)

Therefore, considering equation 3.48, it can be extracted that

β1 =
Q0

Qe1
, (3.54)

for the coupling coefficient at Port 1, and

β2 =
Q0

Qe2
, (3.55)

at Port 2. Finally, equation 3.53 can be rewritten as

Q0 = Ql (1 + β1 + β2) . (3.56)
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In the case of centering the S11 and S22 circles at the left side of the Smith chart or
complex plane, the extraction of the 1 + β1 + β2 coefficient is realised with the following
equations when using a two-port scattering matrix measurement [110, 111]:

Sω0
11 = −1 +

2β1

1 + β1 + β2
, (3.57)

Sω0
22 = −1 +

2β2

1 + β1 + β2
, (3.58)

where Sω0
11 and Sω0

22 are the complex values of the reflection parameters at the resonant
frequency at Port 1 and Port 2, respectively. Operating, the following expression can be
extracted:

1 + β1 + β2 =
4

(1− Sω0
11 )(1− Sω0

22 )− (1 + Sω0
11 )(1 + Sω0

22 )
. (3.59)

If the centering is applied to the right side, the sign of the Sω0
11 and Sω0

22 values has to be
modified in equation 3.59.

Since the resistance value of the series resonator is minimum at resonance, maximum
transmission occurs. When the resonator is not in resonance, the resonator impedance
rises and the insertion loss rises. As a result, the network depicted in Figure 3.33 has
a two-port transmission response (indicated by the transmission parameter |S21|) of the
form seen in Figure 3.34.

0.98 0.99 1 1.01 1.02

/
0

-60

-50

-40

-30

-20

-10

0

|S
2

1
|(

d
B

)

 = 0.5

 = 3

Figure 3.34: Magnitude of the transmission parameter versus frequency for two example (β = 0.5
and β = 3) in the series RLC resonant circuit with 2 ports from Figure 3.33 and Q0 =
5000.

From equation 3.27 it can be extracted that QL = f0
BW , where f0 is the resonant frequency

and BW is the half-power bandwidth (both in Hz) where the |S21|(dB) value is 3 dB lower
than at resonance (the −3 dB method). Finally, the Ql and β values may be used to get the
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unloaded Q with equation 3.56.

Two particular cases can be described for a two-port measurement: β1 = β2 (or Sω0
11 =

Sω0
22 ) and β2 ' 0 (or Sω0

22 ' −1 for the case of centering the S11 and S22 circles at the left side
of the Smith chart or complex plane, or Sω0

22 ' 1 for the right side). For the first case, where
both ports are equally coupled to the resonator, employing equation 3.59 the expression of
equation 3.56 can be reduced to

Q0 = Ql (1 + β1 + β2) = Ql

(
4

(1− Sω0
11 )

2 − (1 + Sω0
11 )

2

)
= Ql

(
− 1

Sω0
11

)
, (3.60)

which is valid for the left centering of the circles. For the right centering, the sign of Sω0
11

in equation 3.60 has to be modified.

For the other case, where Port 2 is very weakly coupled to the resonator (the case in
axion haloscopes for data taking), equation 3.56 becomes

Q0 = Ql (1 + β1) , (3.61)

where β1 can be extracted with any method described in section 3.2.1.5. Alternatively,
equation 3.59 can be employed and reduced and, applied to equation 3.56, the following
expression can be extracted

Q0 = Ql (1 + β1 + β2) = Ql

(
4

2(1− Sω0
11 )

)
= Ql

(
2

1− Sω0
11

)
, (3.62)

which again is only valid for the left centering of the circles. For the right centering, the
sign of Sω0

11 in equation 3.62 has to be modified.

3.2.2 Q0 in the all-inductive 5-subcavities haloscope

In the manufacture of a prototype using waveguide technology, the most important issue
is the cutting plane of the metallic housing, which should be placed at a plane parallel
to the E-field lines cutting regions with minimum surface current for preventing high
Q0 downgrades. In addition, other factor must be considered in production (like the
manufacturing tolerances or the screw positioning).

In the earlier years, the RADES team employed the rectangular waveguide technology
working with the fundamental TE101 mode for his first haloscope prototypes. In Fig-
ure 3.35 the TE101 electric field (at the three possible cutting planes) and the surface current
of a rectangular cavity example are depicted. As it can be seen, the planes parallel to the
electric field are the longitudinal and transverse ones. The first case has a lower surface
current, so this is the best option for manufacturing the metallic housing in a rectangular
waveguide cavity. For an all-inductive multicavity, the electric field lines and the surface
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(a) (b)

(c) (d)

Figure 3.35: Example of a rectangular cavity with width a = 22.86 mm, height b = 10.16 mm and
length d = 28.55 mm working at frTE101 = 8.5 GHz: TE101 electric field at (a) longitud-
inal plane, (b) transverse plane and (c) horizontal plane, and (d) surface current.

current are in the same direction of the single cavity since the inductive windows have
a zero electric field level. In Figure 2.13 (Mode 1) the behaviour of the electric field for
the TE101 mode for the first RADES structure, the all-inductive 5-subcavities multicavity,
is shown. Thus, again, the best choice for a cutting plane is the longitudinal one just
dividing the whole haloscope into two pieces (the left and the right pieces).

In 2017 the RADES team manufactured this cavity employing the most commonly used
technique in the manufacture of RF filters based on rectangular waveguide technology:
the horizontal cutting plane dividing the haloscope into two parts, the main body where
the subcavities and the irises are located and the cover plate, as it is depicted in Fig-
ure 2.12b. Indeed, firstly, this structure was manufactured in the Universidad Politécnica
de Valencia (UPV), Valencia, Spain, with stainless steel 316L material (with a post 30 µm
copper coating layer, and a 5 µm nickel layer in between, at CERN coating laboratory for
improving the electrical conductivity as well as the quality factor)4. However, after the
installation in the CAST magnet at the end of such year, several magnetic problems were
found. Also, resonance peak shifts were observed when the magnet ramp ups/downs
occurred probably because the stainless steel 316L material is a slightly magnetic material.

4 Copper material for the manufacturing housing is not directly employed due to potential magnetic quenches
that can suddenly occur in magnets (like CAST), due to the loss of superconductivity when its temperature is
raised, that would deform severely the structure. For this reason, a more rigid material like the stainless steel
is used. Furthermore, a silver coating was ruled out since it required a thicker nickel layer for the coating,
which the experts advised against.
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Then, a new fabrication (with the same cutting plane) was done at the CERN workshop
employing a new material: the 316LN, a non-magnetic stainless steel that is used as a
standard for the LHC magnets at CERN. This material is the one used to date for all RADES

structures for axion data campaigns. Later, in 2018, the RADES team took into consider-
ation the previous cutting plane studies and selected the longitudinal plane for a new
manufacturing of the same multicavity prototype: the so-called vertical cut haloscope. The
production of this structure (see Figure 3.36) provided the electrical response depicted in
Figure 3.37 from a measurement at room temperature with the second port very weakly
coupled (β2 ' 0). From these parameters, all the information needed for calculating the

(a) (b)

Figure 3.36: Manufactured prototype of the RADES vertical cut haloscope: (a) without and (b) with
the 30 µm copper coating layer. The technical drawings for the manufacturing of this
prototype are depicted in Appendix I: Technical Drawings (see Figure A.9).

unloaded quality factor can be extracted. Firstly, the loaded quality factor can be derived
from the |S21|(dB) parameter (see Figure 3.37a) with the −3 dB method:

Ql =
f0

∆ f−3dB
=

8.4167 GHz
3.5 MHz

= 2338. (3.63)

Because Port 2 is very weakly coupled, the methods described in the previous sections
to extract the coupling coefficient of Port 1 from one-port measurements can be used. The
value of β1 can be calculated easily with the Smith chart once the S11 circle is centered at the
left side, observing the resonant frequency point from Figure 3.37b, which gives β1 = 1.63.
Alternatively, employing the complex plane, the value of β1 can also be extracted. From
Figure 3.37c it can be stated that D = 1 + 0.24 and therefore

β1 =
D

2− D
= 1.63. (3.64)

Then, employing equation 3.61 the unloaded quality factor is obtained:

Q0 = Ql(1 + β1) = 2338(1 + 1.63) = 6149, (3.65)
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Figure 3.37: Vertical cut measurements at room temperature: (a) |S21| and |S11| parameters in dB,
(b) S11 parameter at the Smith chart and (c) S11 parameter at the complex plane.

which corresponds with the 84 % of the theoretical result (Q0 = 7350 in simulation),
being a very good result in manufacturing. Later, several measurements were taken at
cryogenic temperatures (T ' 8 K) that provided a Q0 ' 24000, which is the 56 % of
the simulation value (Q0 ' 43000) [27]. These values are higher than the previous one
due to the increasing of the copper conductivity at such cryogenic temperatures (from
σT=300K

Cu = 5.8× 107 S/m to σT=8K
Cu = 2× 109 S/m [27]). On the other hand, the prototype

with the horizontal cut has a manufactured Q0 of ∼ 16000 at T = 2 K cryogenic temper-
ature (37 % from simulation), which confirms that the vertical cut is a good option for
optimizing the manufacturing of rectangular all-inductive multicavity structures. Further-
more, it allows the possibility of tuning the structure by moving the two halves away from
each other (as it will be explained in section 3.3).

3.2.3 Q0 in the alternating 6-subcavities haloscope

In summer 2018, the modelling (at Universidad Politécnica de Cartagena (UPCT)), fabric-
ation (at the ITACA institute, UPV), coating (at CERN) and testing (at UPCT + CERN) of an
alternating iris multicavity based on six subcavities was realised by the RADES team. The
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manufactured structure and its response at T = 2 K can be observed in Figures 2.17a
and 2.19a, respectively. The resonance of this prototype that couples to the axion lies at a
higher mode compared to an all-inductive (or all-capacitive) iris multicavity design. This
was expected to facilitate the building of a longer cavity with more subcavities and avoid
mode clustering at the working resonance frequency.

The manufacture of this prototype was performed with stainless steel 316LN material
employing an horizontal cutting plane. In addition, small air gaps were added at both
sizes of the top tooth of the capacitive irises in order to facilitate its fabrication, as it is
shown in Figure 3.38. Similarly to the all-inductive prototype, a copper coating layer was

Figure 3.38: Transverse cut of the 3D model of the alternating 6-subcavities haloscope at the middle
of one of its capacitive irises in order to observe the air gaps that are created at the top
tooth when both the main body and the cover are jointed.

applied after the manufacturing. Once the structure was measured at room temperature,
it provided a Q0 value of 1200, 17 % from the simulation results that give a Q0 = 7000.
Additional research was conducted for a better understanding of this considerable dis-
agreement. Following internal debate, it was determined that the contact between the
cover and the main body of the cavity was insufficient. Then, the workshop engineers of
CERN confirmed that the cover was a bit twisted. Furthermore, a minor slope between the
exterior and inner sections of the main body structure at the joint section was found. All of
this leads to a poor contact between both pieces. With the help of the CERN workshop, the
cover was untwisted and the contact was improved, resulting in an unloaded Q of around
1600 (23 % from simulation). Then, different experimenting approaches to further improve
and understand the contact between the two pieces were carried out:

• Conductive paint + thin indium foil

• Structure dimensions checking

• Study of the most sensitive contact region

• Addition of more screws + clamp pressure

• Soldering
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The first approach was based on applying a small layer of conductive paint + indium
foil (with the help of Dr. Sergio Arguedas and Jessica Golm) to ensure greater contact
between the two parts of the structure, as depicted in Figure 3.39. Unfortunately, the

Figure 3.39: Alternating 6-subcavities prototype with conductive silver paint with an indium foil.

quality factor hardly improved with this method.

Secondly, the haloscope was sent in spring 2019 to a metrology laboratory (in Mecan-
izados JJ Celdran S.L.U., Cartagena, Spain [112]) for computing the real dimensions and
checking if the manufacture was done properly. Following these measurements, it was
found that the only dimension without acceptable tolerances (< 100 microns) was the
thickness of the lid, which was larger in the extreme regions of the longitudinal axis
(∼ 400 microns thicker). In any case, this difference can be easily solved if the tightening
of the screw system is done properly.

The next step to understand the behaviour of the unloaded quality factor in this
structure was to perform different simulations in order to identify the most sensitive
sections to Q loss (regions with a high level of surface current) on the contact area of the
two manufactured parts. A parametric study by varying the position of a small air gap in
the junction region was carried out in the simulations. This gap has a width equivalent
to the contact area thickness of the main body, a height of 0.5 mm, and length of 1 mm.
A 3D model of this simulation is shown in Figure 3.40a. Furthermore, in Figure 3.40b
the variation of the unloaded quality factor versus the position of the air gap along the
contact length can be observed. Since the structure is symmetrical in the longitudinal and
transverse planes, the contact gap parametric has been performed between the end of the
first subcavity and the middle of the central capacitive iris. In this plot the Q0 fluctuates
over the longitudinal axis. At the capacitive and inductive windows, a clear quality factor
reduction can be identified. Small quality factor reductions can be observed at the middle
of the subcavities as well. At the remaining areas, the Q0 value is maintained at high level.
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Figure 3.40: (a) 3D model of the alternating 6-subcavities haloscope with an air gap at the contact
region of the manufactured prototype, (b) Q0 versus the gap contact position along
the longitudinal axis (Gapz), and (c) absolute component of the surface current of the
axion mode for this structure. Simulation results obtained from CST, an EM simulator
[78].

Low oscillations along the curve are due to computational numerical errors in simulation.
In addition, it should be noted that the reduction of Q0 at the inductive iris is greater
because the junction covers a larger area in the transverse axis (this can be easily observed
in Figure 3.39 on the area covered with silver conductive paint, which looks greyish in
colour). These results match with the surface current field for the axion mode, where
maximums at the irises and at the middle of the cavities are present, as it is depicted in
Figure 3.40c.

Later, the next stage was to increase the number of screw holes (from 14 to 50 screws)
to tighten the cover plate and the cavity body more firmly. Figure 3.41a shows a picture of
the alternating 6-subcavities haloscope with more screws. Also, clamps were added at the
Q0 measurement time (see Figure 3.41b) to observe if more pressure between both parts
helps to improve this parameter. The position of the clamps was adjusted considering
the critical regions from the previous results. As a result, the contact improved and the
Q0 value increased from 1600 to 2300 (33 % from simulation). As a consequence of these
measurements, it was discovered that enhancing mechanical contact minimises the gaps
between theoretical and observed results. The contact could not be improved much more
applying extra pressure in such configuration because of the rigidity of the stainless steel
material, however another method was employed as a final chance for improving the
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(a)

(b)

Figure 3.41: (a) Alternating 6-subcavities prototype with more screws. (b) High tightening of both
parts of this prototype with clamps.

quality factor in this prototype: the soldering.

In summer 2021, a custom soldering process was carried out with the help of Dr. Fritz
Caspers (at CERN) to joint both main body and cover of the alternating 6-subcavities
haloscope and thus increasing the value of the Q0 parameter. As Figure 3.42 depicts, a
tin layer is applied on both pieces at the contact area for the soldering. Then, a 160 ◦C

Figure 3.42: Alternating 6-subcavities haloscope pieces with tin layers prepared for the soldering.

temperature is applied to this the structure on a heating station hot plate. This method
conducted to a quality factor value of Q0 = 4500 (64 % from simulation), which is a
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very good value for a manufactured prototype. This result indicates that the difference
between the theoretical and experimental quality factor comes indeed from the bad
contact between the two parts.

Later, considering the good results from the 5-subcavities all-inductive vertical cut halo-
scope and the current surface of the 6-subcavities alternating structure (see Figure 3.40c),
a new study applying the longitudinal plane as the manufacturing plane was carried out.
Firstly, several simulations were done for comparing the Q0 downgrade between the cases
with the horizontal plane and with the vertical cut. For this purpose a thin (∼ 100 µm)
air layer was applied in the simulations on the area of the jointing plane for each case.
For the horizontal cut, this layer is deposited on the dashed region from Figure 3.40a.
For the vertical cut, the air layer is positioned on the area dotted in red depicted in
Figure 3.43. These simulations provided a Q0 difference of 20 %, being the vertical cut

Figure 3.43: Alternating 6-subcavities model showing the area (dotted in red) where the air layer is
deposited for the Q0 downgrade simulations.

the best option for the manufacturing. Thus, the next step was to study this behaviour
in the manufactured prototype. A longitudinal cut with the wire cut Electrical Discharge
Machining (EDM) technique5 (with a loss of 400 µm in the cut) was applied with the
help of Eugenio Martín (Alta Precisión del Mecanizado S.L. (APM), Madrid, Spain [113]).
For doing this, a previous desoldering was required for avoiding electrical problems
from the tin layer. This desoldering was done heating the structure again to 160 ◦C
temperature with the help of Dr. Fritz Caspers one week after the soldering process. The
final appearance after the desoldering is shown in Figure 3.44a. Then, the remaining tin
layer that lies on the jointing area had to be removed. In the first instance, an attempt was
made to remove this layer of tin by means of a soldering iron. However, an extra milling
process of 800 µm for the main body and 500 µm for the cover was necessary in order to
completely remove this layer and flatten contact regions on both parts, the result of which
can be seen in Figure 3.44b. Unfortunately, part of the 30 µm copper layer on this area has
also been removed. In addition, the cavity walls have undergone a process of oxidation
due to the soldering and desoldering treatments. For these reasons, the structure must be
recoated once the vertical cut has been made.

An example of the wire EDM method is shown in Figure 3.45a. After this cutting process,

5 The wire cut EDM method is a manufacturing process that implements electrical sparks to form a metal shape.
Because of these sparks, EDM is also known as spark machining. In this process, the desired shape is cut from
the metal when current discharges, or sparks, are produced between two electrodes; where the sparks are
produced, cuts are made in the metal, creating the desired shape and separating it from the sheet metal.
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(a)

(b)

Figure 3.44: Aspect of the alternating 6-subcavities prototype after the desoldering process. (b) Ap-
pearance of this structure after the milling process for the tin removing.

(a) (b)

Figure 3.45: (a) Example of a wire cut EDM technique (by LaurensvanLieshout). (b) Aspect of the
desoldered alternating 6-subcavities prototype after the vertical cut.

the structure is now divided into four pieces (because of the original horizontal cut and
the new longitudinal cut). The final appearance of the structure with the top and bottom
pieces bolted is shown in Figure 3.45b. With the vertical cut already made, as mentioned
above, the next step was to re-apply a 30 micron copper layer. For an homogeneous copper
coating, a pre-uncoating was necessary on this prototype. Also, two pins where added in
the width axis for alignment purposes due to the new longitudinal cut. Since the structure
was not originally prepared for this type of cut, the implementation of screw holes in the
horizontal axis is not a simple task, so it has been left as future work. Two pictures of the
prototype after these treatments can be observed in Figures 3.46a and 3.46b. In order to
try to obtain the Q0 of the fully closed structure while guaranteeing maximum contact
in the vertical cut, clamps were again used to exert pressure at the time of measurement.
The resulting quality factor value was 2400 (34 % from simulation), which is higher than
the original value without vertical cut. The conclusions we can extract from this result are
that the vertical cut in this type of structure does not affect practically and that the new
copper layer has helped to eliminate the oxidation of the walls, which could be affecting
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(a)

(b)

Figure 3.46: Appearance of the alternating 6-subcavities prototype after the copper coating: (a)
Open structure to observe the inner Cu coating, and (b) aligned structure.

the electrical conductivity.

Finally, a last study was carried out to try to further increase the unloaded quality
factor: a new soldering to join again the top and bottom parts together. To avoid oxidation
resulting from soldering, it was decided to apply previously a very thin gold layer (0.2
microns). Thanks to the small thickness of this layer, the electrical conductivity associated
with the electromagnetic fields on the walls of the haloscope remains at or very close to
that of copper, which is more desirable as the conductivity of gold is lower (σT=300K

Au =

4.11× 107 S/m) in comparison with copper material. The soldering was realised by means
of a tin layer at the jointing area and applying heat with the help of the APM workshop [113].
In addition, the amount of tin added has been done in a more moderate way compared
to the previous soldering without vertical cut, showing special attention to ensure a good
contact in the innermost section. With this, the resultant structure is now divided into two
parts: left and right pieces. In Figure 3.47a a picture of the soldered structure is shown. On
the other hand, as represented in Figure 3.47b, there are some regions where the soldering
tin is spilled towards the inner part of the cavity in this treatment, leading to potential
Q0 downgrades due to the low value of the electrical conductivity of the tin (σT=300K

Sn =

9.17× 106 S/m). Once again, clamps were employed when measuring Q0 (see Figure 3.47c)
as this structure does not have any screw holes. As many clamps as possible were added.
As a result, the obtained Q0 value was 3700 (53 % from simulation), which is a good result
compared with other manufactured prototypes tested previously. As a summary, Table 3.8
shows the Q0 values that have been achieved over time in the alternating 6-subcavities
prototype with respect to the treatments applied. As it can be seen, the Q0 improvement
achieved after all these treatments (3700) with respect to the prototype manufactured (1200)
is 308 %. However, at the step where the structure was totally soldered (Q0 = 4500), the
enhancement in the unloaded quality factor was 375 %. We have left as a future research
line the implementation of screw holes in the horizontal axis and a new soldering of the
structure in order to continue studying the behaviour of the value of this parameter.
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(a) (b)

(c)

Figure 3.47: (a) Aspect of the alternating 6-subcavities prototype after the gold coating and the
second soldering. The structure is now divided into two pieces. (b) Zoom in on a
section where tin spillage can be observed. (c) High tightening of both parts with
clamps to measure the Q0.

Step process Number of pieces Q0

Simulation 1 7000

Manufacturing 2 (HC) 1200

Untwisting 2 (HC) 1600

Conductive paint and indium foil 2 (HC) 1600

More screws and clamps 2 (HC) 2300

First soldering 1 4500

Desoldering, vertical cut, Cu uncoating and coating 4 (HC + VC) 2400

Au coating and second soldering 2 (VC) 3700

Table 3.8: Q0 over the treatments applied in the alternating 6-subcavities prototype. HC means
horizontal cut and VC vertical cut.

3.2.4 Q0 in the alternating 30-subcavities haloscope

In 2019, the modelling (at UPCT), manufacturing, coating and testing (at CERN) of an
alternating iris multicavity based on thirty subcavities (the evolution of the alternating
6-subcavities prototype) was realised by the RADES team, whose main purpose was to
increase the volume compared to previous designs. In Figures 2.17b and 2.19b a picture
of the manufactured structure and its response at cryogenic temperatures (T = 2 K) can
be seen, respectively. In a similar way to its smaller version, the axion mode resides in the
middle of the resonance band, at the 16-th resonant mode which corresponds with the
16-th peak in this case. Once again, this prototype was manufactured employing stainless
steel 316LN material with a horizontal cutting plane. Also, as in the 6-subcavities version,
small air gaps were added at both sizes of the top tooth of the capacitive irises to facilitate
its production (see Figure 3.38). In addition, a 30 µm copper coating layer was applied
after the manufacturing.
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In summer 2019, this prototype was introduced into the bore of the CAST magnet (at
CERN) for a data acquisition campaign with the help of Dr. Sergio Arguedas and Jessica
Golm (from the RADES team). At the installation time the finding of the peak which
couples to the axion and to determine the coaxial antenna length at the port to set a
critical coupling (for a higher axion detection sensitivity) was needed. Due to various
setbacks and a short time window between the production of the prototype and the
deadline for the insertion of this structure in the CAST bore these parameters could not be
measured in a simple way after the manufacturing. Although it is known that the axion
mode is located at resonance number 16 of the 30 peaks band, this task was not so straight
forward because the measurements did not show 30 peaks due to the losses and the mode
clustering, especially at the extreme peaks of the band on both sides.

As it is shown in Figure 2.19b, the frequency response of this haloscope has a clear
division into two sub-bands: the left sub-band with 16 peaks and the right sub-band with
14 peaks. The axion mode is in the last resonance of the first sub-band. Several theoretical
studies were carried out to understand this behaviour, from which it was concluded
that the sub-band division depends on three cases: |kind| > |kcap|, |kind| < |kcap| and
|kind| = |kcap|, where |kind| and |kcap| are the inductive and capacitive physical couplings
in absolute value, respectively. In an alternating N = 30 haloscope, for |kind| > |kcap|, the
left sub-band of its response is composed by 16 peaks and the right sub-band of 14 peaks,
and the axion mode is the last resonance of the first sub-band (our case). For |kind| < |kcap|,
the number of peaks is the same in both sub-bands (15 peaks), and the axion mode (the
16-th) is at the first resonance of the second sub-band. For |kind| = |kcap|, there is not
division into sub-bands, so the 30 peaks must be seen accurately in order to count up to
the number 16, where the axion mode is located. Furthermore, it is worth mentioning that,
for the |kind| > |kcap| and |kind| < |kcap| cases, the centre of the full 30-peak band is always
in between the last resonance of the first sub-band and the first resonance of the second
sub-band (valley region). This can be useful in case |kind| ≈ |kcap|, where it is difficult to
identify the position of the valley separating the two sub-bands. For the |kind| = |kcap|
case, this centre is located just at the resonance of the axion mode.

In the first instance, a design with |kind| = |kcap| was attempted, where the mode
separation at the axion peak is larger as there are no sub-bands. Due to the large size of
the structure and the large number of subcavities, |kind| and |kcap| were very sensitive in
all irises and the computing time in the design simulations was relatively high (about
two weeks for the optimisation process). Therefore, when the structure was optimised in
simulation to increase the quality and form factors, the response shown in the Figure 2.19b
was accepted as a good result for manufacturing.

Before the installation, the first measurement showed a response where the left sub-band
of resonances is not well defined, but the right sub-band is (see Figure 3.48a), being these
the first instabilities found in this prototype. In this case the peak at ∼ 8.33 GHz (marker
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(a) (b)

Figure 3.48: Pictures of the first VNA measurements of the magnitude of the transmission coefficient
in the alternating 30-subcavities prototype with: (a) first orientation of the cover, and
(b) cover turned 180o.

at Figure 3.48a) was identified as the axion mode due to be at the last resonance of what
looks like a first sub-band, having on its right side a valley similar in shape to the response
shown in the simulation results (see Figure 2.19b). The identification of this peak as the
axion mode has been done assuming that the case |kind| > |kcap| holds from simulation
to production. However, this may not be the case, but rather the case |kind| < |kcap|, since
the manufactured structure could have a different behaviour from the simulated one,
resulting in the axion mode being the one to the right of the valley, as it is stated previously.

Then, we turned the cover 180o and screwed it again. For our surprise the definition of
the left sub-band improved significantly (see Figure 3.48b). Unfortunately, the new proto-
type response showed a less clear band splitting (which is translated into the |kind| ≈ |kcap|
case according to the previous theoretical studies), leading again to possible confusion in
the identification of the peak corresponding to the axion mode. This illustrates how the
interresonator couplings are affected in a different way and its sensibility. Assuming a
similar frequency position as in the previous case, the selected peak was the one found
at the frequency of ∼ 8.339 GHz (marker at Figure 3.48b). The computed Q0 value for
this mode was Q0 = 1500, 21 % from the simulation results that give a Q0 = 7000, which
confirms that the manufacturing tolerances and/or the contact between the main body
and the cover were not the best.

On the other hand, an antenna length sweep was carried out before the haloscope
installation in the CAST magnet and the higher value we got for β was 0.3, which is far
from the critically coupled case β = 1. This behaviour was studied in simulation. Firstly, a
parametric simulation was conducted to search the electrical conductivity of the housing
material that gives a Q0 = 1500 for the axion mode. Then, an antenna length sweep was
realised in simulation achieving again a maximum β value of 0.3. This study was applied
also for the alternating 6-subcavities haloscope, which finally provided the critically
coupled case (β = 1) concluding that, indeed, the desirable port coupling situation is not
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possible for low Q0 values when the number of subcavities is high.

Another study was carried out for a better understanding of this behaviour, chan-
ging the position (subcavity) where is located the coaxial port. Figure 3.50 shows the
3D models of the three cases simulated for studying the possibility of achieving the
critically coupled case at the 30-subcavities haloscope positioning the port at different
subcavities. The results of these simulations showed that in the cases where the port

(a) (b)

(c)

Figure 3.49: 3D models of the simulated 30-subcavities structure modifying the subcavity where
the port is positioned for studying the port coupling level. The subcavities where the
port has been tested was: (a) first, (b) second and (c) third. The 3D models show the
symmetric half, being the dashed region the symmetry plane.

was positioned in the first or the third subcavity, the coupling failed to reach the value
of β = 1. However, when the port was positioned in the second subcavity, it did. This
led to the suspicion that the maximum electric field level in the vertical direction Ey

for the working mode (mode 16-th, whose electric field can be found in Figure 2.18b)
must be different in each subcavity. Therefore, a simulation was performed to extract the
maximum level of Ey on each subcavity (which is located in the centre of the subcavities
by the characteristic pattern of a TE101 mode), the result of which can be found in
Figure 3.50. As it can be seen, in the first 10 subcavities, those in an odd position (1st,
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Figure 3.50: Maximum vertical electric field level in the 30-subcavities structure on each subcavity.
An input RF power of 1 W is applied to the ports for these simulations.

3rd, 5th, ...) have a smaller maximum vertical electric field value than in the even ones
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(2nd, 4th, 6th, ...), which explains why when the port is placed in the subcavity number 2
the value of TE101 is achieved, and it is expected to occur in the same way in the even
subcavities. This behaviour also happens symmetrically at the other end of the multicavity.

Due to the fact that the structure was already fabricated and prepared to position the
port in the first subcavity, the maximum achievable coupling (at room temperature at
least) was assumed to be β = 0.3 for this data campaign. With this, we had to do a tricky
estimation of the length for the antenna to obtain the same coupling value at cryogenic
temperatures (since this haloscope did not have a port coupling adjustment system). This
estimation method is based in the following steps:

1. The Q0 value is computed with the best β value obtained (β = 0.3). This leads to a
Q0 = 1500.

2. There is a difference between the simulation or theoretical Q0 and the real one that
comes from the bad contact of the cover, this is an extra Qexternal . It is called Qtop

because it comes from the top part. So:

1
Qreal

0
=

1
Qsim

0
+

1
Qtop

→ 1
1500

=
1

7000
+

1
Qtop

→ Qtop = 2000. (3.66)

3. Now, from other RADES prototype measurements at the cryogenic laboratory it is
known that the Q0 improves ∼ 4 times between room temperature and cryogenic
temperatures. Furthermore it is assumed that the Qtop is not temperature dependent.
So for cryogenics it can be estimated a Q0 of:

1
Qcryo

0
=

1
4Qsim

0
+

1
Qtop

→ Qcryo
0 = 1867. (3.67)

4. This Qcryo
0 value means the improvement for our Q0 between room and cryo is around

1.195. This also means the β value at room has to decrease by 1.195 to be critically
coupled at cryogenic temperatures:

βnew =
β

1.195
=

0.3
1.195

= 0.25, (3.68)

where βnew is the port coupling value to be set on Port 1 before the structure is
entered into the CAST bore. From the port sweep it is known how to configure the
antenna length to establish such value.

Then, once the length of the antenna was configured the introduction of this haloscope
into the CAST bore was performed (see Figure 3.51a). Installation took place satisfactorily
and on time, but the final response showed again a bad definition of the sub-bands, as
depicts Figure 3.51b. Unfortunately, at the time of installation the 8.37 GHz peak (marker
1 at Figure 3.51b) was misidentified as the axion mode, whose correct position would later
be identified as the one to its left.
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(a) (b)

Figure 3.51: (a) Installation of the alternating 30-subcavities prototype at the CAST magnet. (b) Pic-
ture of the first measurement at CAST of the magnitude of the transmission coefficient
in this prototype.

During the cool down of the CAST magnet the scattering parameters of the 30-subcavities
prototype were measured. The response of the structure is illustrated for different tem-
peratures in Figure 3.52. The peak that were identified at that moment as the axion mode

Figure 3.52: Recording of the transmission coefficient in the alternating 30-subcavities prototype
during the cool down of the CAST magnet. Some curves have an offset in this plot in
order to compare all of them easily.

is marked with a black arrow. The frequency increased ∼ 28 MHz for all the modes
by cooling the cavity down from T = 300 K to T = 5 K. This was expected due to the
geometry change of the cavity (thermal contraction).
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After a large stop in the CAST magnet prior to data taking due to various reasons (in-
cluding the COVID-19 pandemic starting in March 2020), an unwanted magnetic quench
occurred in August 2020 and the response of the 30-subcavities structure deteriorated
slightly. In Figure 3.53a are plotted the magnitude of the transmission parameter of
three measurements (from different days) at cryogenic temperatures before the quench
event and a measurement before it, where this behaviour can be observed. Observing the
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Figure 3.53: Hold on of four measurements at cryogenic temperatures: three measurements before
a quench event and one after it. (a) Magnitude of the transmission parameter versus
frequency. The plot depicts the point where the resonances of the measurement after
the quench start to be more shifted leading to the identification of the sub-bands sep-
aration. (b) Magnitude of the reflection parameter versus frequency.

frequency range between 8.3 and 8.5 GHz where the axion mode could be located, it can
be seen that there is a point where the peaks are more shifted for the measurement after
the quench. Since it has been seen before that the first sub-band is more sensitive, we can
state again here that the influence of the quench was greater at the first sub-band which
lead to the identification of the sub-bands separation and therefore to the axion mode
(assuming again the 16-th resonance as the last peak of the first sub-band). For some
reason, the response of the 30-subcavities structure at CAST shows a complex behavior
from one day to the next which makes it even more difficult to identify the axion peak.
Anyway, these results again show that the axion mode is most likely to be found at the
8.37 GHz peak of the cryogenic temperature response.
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Also, theoretical design studies in the MATLAB software (a numeric computing envir-
onment developed by MathWorks [114]) have shown that the first sub-band is associated
with the coupling value provided by the capacitive irises, while the second sub-band is
linked to the inductive irises. Seeing how the first sub-band deteriorates compared to the
second sub-band can confirm that the capacitive windows in the manufacture of these
haloscopes are more problematic than the inductive ones.

On the other hand, regarding with the reflection coefficient S11 it shows the response de-
picted in Figure 3.53b. Furthermore, it can be seen that the curve follows a quasi-periodic
behavior even outside the region of the 30 resonance band (between 8.15 and 8.65 GHz).
For this reason, the β value of this prototype installed at CAST could never be properly
measured. The reason for this behavior is thought to be due to the high reflections and
losses introduced by the cables and connectors.

The magnet ramp-up measurements (rise of the static magnetic field of the CAST

magnet from 0 to 8.8 T) were analysed in order to check if the mode chosen for 2019
data taking was wrong. This ramp-up was applied to the magnet several times. In
Figure 3.54 is shown one of these Be ramp-ups. As it can be seen, there is a clear region of

T

First Second sub-band

sub-band

Figure 3.54: Recording of the transmission coefficient versus frequency in the alternating 30-
subcavities prototype during a ramp-up of the CAST magnet.

resonances where the static magnetic field shifts the resonant frequencies differentiating
the two sub-bands. With this, we can state again that the axion mode is located at 8.37 GHz.

Unfortunately, the cryogenic LNA of the RADES team was damaged in a period of quench
testing, and the magnet was not reopened until 2020, therefore no data could be collected
in 2019. The LNA was replaced in early 2020 with a Low Noise Factory LNF-LNC6-20B
amplifier with a 36 dB gain working between 6 and 20 GHz. In 2020, around 15 days
of magnet-on data were collected. Even if the port coupling value was extremely low
(β ' 0.1) for this arrangement, the projected sensitivity for a 15-day integration period is
better than the existing CAST limit at this mass [62]. Furthermore, the major concerns at
that time have already been recognised, and it is clear that β can be much improved. The

98



current setup key problem is the construction of the cavity. With this prototype, it was
discovered that the alternating irises must be manufactured differently. As it is shown in
the next section, new designs have been investigated in which each subcavity and irises
are machined independently and then screwed together.

During the data taking of this structure, when the axion mode was thought to be the
one found at the frequency of 8.4 GHz in the cryogenic temperature response from Fig-
ures 3.52, 3.53 and 3.54, a study was carried out to extract the unloaded quality factor
of this resonance with a method that takes into account a high mode-mixing. This issue
impedes the extraction of the Ql value from the resonance response with the −3 dB decay
method due to the closeness with the low-Q0 mode at its left side. The studied method is
based on modelling the response of the structure analytically by means of the sum of two
Lorentzian curves. This modelling is based on the resonance equation [105]:

S21 =
2
√

β1β2

1 + jQl

(
f
f0
− f0

f

) , (3.69)

where β1 and β2 are the port coupling factors and f0 is the central frequency of the
resonance. Then, by a linear sum of two Lorentzian curves (Sle f t

21 + Sright
21 , being Sle f t

21

and Sright
21 the Lorentzian curves of the left and right resonances, respectively) with a

manual fitting process of the result to a measurement of the 30-subcavities structure (see
Figure 3.55) and employing equation 3.56, a Q0 = 1500 was extracted for the right mode
and Q0 = 700 for the left one. Although it is already known that the correct axion mode

8.33 8.34 8.35 8.36 8.37 8.38
Frequency (GHz)

-55

-50

-45

-40

-35

|S
2

1
| (

dB
)

08/10/2020
Two lorentzian sum

Figure 3.55: Fitting of a two Lorentzian curves sum (S21 = Sle f t
21 + Sright

21 ) with a CAST measurement
in the 30-subcavities structure response at a frequency region with a high mode-mixing
behaviour.

of this structure is the 8.37 GHz one (in the responses from Figures 3.52 and 3.53), which
does not have a high mode-mixing and therefore its Ql can be easily extracted, this study
could be very interesting for other large structures where this behaviour is much more
significant.
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Once the data collection process was completed, the CAST magnet was opened in the
summer of 2021 and the 30-subcavities prototype could be extracted. Due to the good
results obtained in the soldering process for the alternating 6-subcavities prototype, it
was decided to apply this soldering again on the large structure (with the help of Dr.
Fritz Caspers, at CERN) (see Figure 3.56a) in order to increase the unloaded quality factor
and also make it possible to obtain a critical coupling for the axion mode. This resulted
in the response shown by the yellow curve in Figure 3.56b, which is based on a room
temperature measurement. As it can be seen, thanks to the improvement of the contact
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Figure 3.56: (a) Picture of the alternating 30-subcavities prototype after the soldering process. (b)
Transmission coefficient versus frequency in this structure for three cases: no metallic
pins (yellow), metallic pin introduced through the vacuum hole of the subcavity num-
ber 10 (red), and through the vacuum hole of the subcavity number 5 (blue). (c) Picture
of this prototype with a metallic pin at the 10-th subcavity, and (d) at the 5-th subcavity.

and therefore of the Q0, new peaks have appeared although the first and last resonances
are still not visible due to the high mode-mixing in those regions, so it can still give rise
to doubt as to which is the axion mode counting from the first mode to the 16-th mode.
Because of this, a novel and definitive method of axion mode identification was devised
that validates all previous methods: the use of metallic pins. This method is based on the
electric field patterns of the modes immediately above and below to the axion mode, i.e.
in the 15-th and 17-th modes of the alternating 30-subcavities structure (see Figure 2.18b).
As it can be seen, unlike the axion mode (16-th), the 15-th and 17-th modes have a zero
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electric field value in some of their subcavities. For the 15-th mode these zeros are found
in subcavities number 10 and 21. For the 17-th mode they occur in subcavities number
5 and 26. This means that if a metallic perturbation is introduced in these zero-value
subcavities (by the introduction of a metallic pin through the vacuum hole in this case),
the resonant frequency of such mode should remain unaltered.

Figure 3.56b shows the results when the metallic pin is introduced around 1 cm through
the vacuum hole of the subcavity number 10 (red curve) (see Figure 3.56c) and 5 (blue
curve) (see Figure 3.56d). For the first case, it can be seen that the resonance at 8.357 GHz
remains unaltered with respect to the case without pins, while for the second case this
mode is shifted, so it can be associated with the 15-th mode. Similarly, for the first case
the resonance at 8.406 GHz is shifted with respect to the case without pins, while for
the second case this mode remains unaltered, which confirms that this mode is the
17-th mode. With this, the 16-th mode (the axion mode) can be now easily identified
as the peak at 8.383 GHz, which is shifted for both cases as expected. If we apply the
method of identifying the valley region of sub-band separation by the centre frequency
of the resonance band,it can be seen that this valley is between the 16-th and 17-th mode
resonances, which also confirms that we are in the case |kind| > |kcap| (first sub-band with
16 resonances and second sub-band with 14).

On the other hand, by comparing the new response with the previous case where the
structure was not soldered (Figure 3.48b), it can be observed that the resonance band has
been shifted ∼ 40 MHz, which is also the case for the axion mode frequency (from 8.339
to 8.383 GHz at room temperature).

In July 2021, before soldering, the unloaded quality factor was again measured giving a
value of Q0 = 700. The difference from the previous result of 1500 is thought to be due to
the oxidation of the copper layer in the structure, the effect of which is greater over time.
The quality factor value of the axion mode after the soldering was Q0 = 3500 (50 % from
simulation), which represents a 500 % increase in this value. This improvement is a very
good result compared to the gain obtained in the case of soldering on the 6-subcavities
prototype (308 %). In June 2022 and January 2023 this parameter was recalculated, giving
Q0 = 1300 and Q0 = 941, respectively, which confirms that the effect that reduces the
quality factor so much is the copper oxidation.

In September 2021, with the help of Dr. Babette Döbrich and Jessica Golm (from the
RADES team, at CERN) a proper antenna length was set to be critically coupled at cryogenic
temperatures for the axion mode with the estimation method described previously. Then,
with the help of Dr. Marios Maroudas and Dr. Theodoros Vafeiadis (from the CAST collab-
oration, at CERN) the re-installation of the 30-subcavities prototype at the CAST magnet was
carried out. Unfortunately, due to the low budget and the lack of physical data from all
research groups within the CAST collaboration, in December 2021 CERN took the decision
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to cancel the CAST project definitively, leaving the magnet as a museum object. In summer
2022, the structure was deinstalled and sent to the UPCT for further research. The same
reprocessing carried out on the 6-subcavities haloscope (desoldering, vertical cutting, re-
coating and soldering) is expected to be applied to this prototype, which is left as future
line of this PhD thesis.

3.2.5 Modularity solution

This PhD thesis has also developed a novel idea that combines efficient manufacturing
for avoiding Q0 degradation, reduction of the production price and time, better tolerances
for a design with a high number of subcavities and scalability, by means of a modular
subcavity system: the modularity idea. Although it has been demonstrated that vertical
cutting can help to reduce the manufacturing impact on the value of the quality factor Q0,
this concept is based on using the transverse plane as the cutting plane (see Figure 3.35b)
since it also helps in preventing this parameter degradation (as it has been explained in
section 3.2.2), and allows to introduce the mentioned improvements. Figure 3.57 depicts
an example of a multicavity module employing the transverse plane for the cutting plane.

Figure 3.57: 3D model of a multicavity module example based on the modularity idea. In this case,
the structure is based on two half subcavities and a capacitive iris.

Unlike a haloscope manufactured with a horizontal or vertical cut, this new way allows
the concatenation in the longitudinal axis of as many modules as needed, so this type
of structure has the benefit of scalability. Once a structure has been manufactured with
this type of cut, if more subcavities (greater volume) are desired, as many modules as
necessary can be added. Similarly, the number of subcavities could be reduced if desired
by simply removing subcavities from the system. On the other hand, the production of the
individual modules that are afterwards joined provides better tolerances and reduces the
machining time and price compared to the manufacturing of the whole body which could
be problematic for a haloscope with a high number of subcavities (as it is the case for the
alternating 30-subcavities prototype), previously described in subsection 3.2.4. This could
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lead to the possibility of manufacturing, for example, a structure based on 300 subcavities.

Although this transverse plane is parallel to the electric field lines in a TE101 mode (as
in the vertical plane and contrary to a horizontal plane), this cutting plane cannot be used
for tuning as the opening would produce a high radiation in the direction of propagation
of the electromagnetic wave, which goes from the port 1 (positioned at the first subcavity)
to the port 2 (located at the last subcavity). In case of need a mechanical tuning with the
opening procedure in such structures, a vertical cut should also be added.

If this vertical cut is not added, the idea of modularity also brings the advantage of
not cutting either the inductive or capacitive irises, which could be of great interest to
reduce the impact on the quality factor in the manufacturing process. This aspect is quite
attractive especially for structures that include capacitive windows which, as it can be
seen in the previous sections, are often a problem in production. Another advantage of
this type of structure is that the capacitive windows do not require gaps (see Figure 3.38),
which reduces the complexity of the experiment.

In order to examine the position of the cross section that reduces the quality factor
the least, a simulation study has been carried out testing the 3 possibilities that can
be realised in production: cutting plane at each of the centres of the subcavities, at
the ends of the inductive irises, and at the ends of the capacitive irises. This has been
tested with the alternating 6-subcavities haloscope as depicted in the 3D models from
Figure 3.586. Simulation results at these positions, applying a 500 microns cut and the
electrical conductivity of copper at room temperature for the housing, have resulted in a
different quality factor reduction. For the case of the cuts at the centres of the subcavities
a Q0 = 4361 value was obtained (62.3 % from the ideal case), Q0 = 3841 for the case of
the cuts at the ends of the inductive windows (54.9 % from the ideal case) and Q0 = 2053
for the case of the cuts at the ends of the capacitive windows (29.3 % from the ideal
case). Thanks to these results and those obtained from the study of the air gap in this
haloscope with horizontal cut (see Figure 3.40) it can be concluded that the best solution
is to position the transverse cuts at the centres of the subcavities.

Then, for testing this concept in manufacturing, where a more realistic effect of using
the idea of modularity can be studied, two prototypes have been designed, produced (in
stainless steel 316L for the first one and in aluminum for the second one), copper coated
(only for the first one) and measured: a small version and a larger evolution of this one.
The first prototype is based on 2 subcavities with 1 capacitive iris, the so-called 2cav-Cap.
A 3D model of this structure and its electrical response in simulation (after its design) can
be found in Figure 3.59a7, and in Figures 3.59b and 3.59c (dotted blue and yellow lines),

6 In the case of production of the idea with the cuts at the ends of the inductive irises (see Figure 3.58b), two
extra cuts would be needed at the centre of each end subcavity. These cuts have not been added in simulation
since its effect is negligible if the number of subcavities is high (our goal).

7 It is relevant to note that for the production of haloscopes using cross-cutting planes there are rounded
chamfers (about 2 mm radius typically) on the edges of the subcavities in the longitudinal axis due to the
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(a)

(b)

(c)

Figure 3.58: 3D model of the alternating 6-subcavities haloscope simulated with different transverse
cutting planes for studying its electromagnetic radiation. The position of the cutting
planes are: (a) subcavity centres, (b) ends of the inductive irises, and (c) ends of the
capacitive irises. The 3D models show the symmetric half, being the dashed region the
symmetry plane.

respectively. The axion mode is now located at the last resonance because it is based on an
all-capacitive design (contrary to the all-inductive structures where the axion mode is at
the first peak). Applying a stainless steel 316L and annealed copper electrical conductivity
at room temperature at the simulated housing, an unloaded quality factor value of 770
and 5200 is obtained, respectively, for this mode.

As mentioned above, to manufacture this structure applying modularity, the production
cuts are only 2 and they are located at the centres of the subcavities, dividing the
haloscope into three modules: two identical modules based on a half-end subcavity (the
2cav-Cap-ModuleEnd module), and a module containing the halves of the two end sub-
cavities plus the capacitive iris (the 2cav-Cap-ModuleCap module). In addition, protruding
panels or flanges are added at the cutting plane sections for the screwing of the modules
since, contrary to the horizontal or vertical cut structures, the housing thickness cannot be
used now for this purpose (the screws should be extremely large, which is not practicable).
In order to be able to correctly position the coaxial SMA ports, these flanges have been
designed eliminating the section in the upper central area. The technical drawings for the
manufacturing of both types of modules (generated in this PhD thesis) are depicted in
Appendix I: Technical Drawings (see Figures A.10 and A.11). These technical drawings
contain the final prototype dimensions of the simulated design and all the production
considerations for the machining company (screw holes, tolerances, alignment, etc.) that

orientation of the machining drill. For the case of using horizontal cutting, these chamfers of the subcavities
are on the edges in the height direction (see Figure 2.17), whereas for vertical cutting they are in width (see
Figure 3.36a).
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Figure 3.59: 2cav-Cap haloscope: (a) 3D model, and (b) and (c) magnitude of the transmission and
reflection parameters, respectively, versus frequency in simulation after its designing
process (dotted blue and yellow lines for SS316L and copper materials, respectively)
comparing with a VNA measurement (solid red and violet lines for SS316L and copper
materials, respectively). The 3D model shows the symmetric half, being the dashed
region the symmetry plane. All the responses are configured for providing a critically
coupled case at port 1 with a very undercoupled condition at port 2 (the target at the
data taking time).

carried out the manufacturing.

Unfortunately, we encountered two difficulties in the production of the 2cav-Cap-
ModuleCap module. Firstly, due to the small size (0.5 mm) of the capacitive iris (necessary
to properly acquire the interresonator coupling value imposed in the design process), sev-
eral machining companies reported that it is not easy to drill such a window due to the
length of 14.5 mm between the transversal plane of the cut and the iris, as the drill would
have to be very thin and long (which is not practicable as it would produce instabilities in
the machining). Secondly, the copper coating companies consulted reported that it would
probably be very difficult to cover the inner walls of this capacitive iris with the requested
30 µm copper layer due to its small size and position. In the first instance and in order
to try to solve the first problem, the following possible solutions were analysed for this
module:

• Adding a transverse cut at the middle of the capacitive iris length (or at the ends,
idea from Figure 3.58c). This was rapidly rejected because of the high Q0 degradation
obtained in the simulation studies.
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• To add a vertical cut at the capacitive modules. This would be already implemented
if a vertical cut tuning is desired. However, if other tuning systems are applied for
avoiding such a cut, this solution would be also not be accepted.

• Machining the waveguide body and then soldering the capacitive iris walls (top and
bottom capacitive teeth). This idea would raise the price and complexity of produc-
tion and is therefore also rejected.

• Adding a horizontal cut at half height and then solder the top and bottom pieces
of the module. Although soldering has already shown to be a good solution for
horizontal cuts (as it can be seen for the 6-subcavities and 30-subcavities prototypes),
this solution is still somewhat complex.

• Using EDM technique. Although it is a high-priced fabrication, it was thought that
this may be the best solution due to its low complexity.

Finally, the last proposed solution was employed. On the other hand, although the third
and fourth solutions were the best solutions for the coating problem, initially the first issue
was given higher priority. It was therefore decided to go ahead with the EDM solution and
attempt copper coating. Fortunately, a simulation study has shown that if only the inner
walls of the capacitive iris in the 2cav-Cap structure have the electrical conductivity of
stainless steel (and copper for the rest of the walls), the decrease in Q0 is only 5 %, which
is more than acceptable.

In this scenario, the three modules (two 2cav-Cap-ModuleEnd modules and one 2cav-Cap-
ModuleCap module) were produced in Alge S. Coop. (Murcia, Spain) [115] using stainless
steel 316L. The wire EDM technique was later applied for the capacitive iris creation
for which it has been necessary to make a previous perforation for the threading (see
Figure 3.60a). Unfortunately, the drill for the creation of the threading hole broke due

(a) (b) (c)

Figure 3.60: 2cav-Cap modules manufacturing: (a) appearance of the 2cav-Cap-ModuleCap module
after trying to drill the threading hole, (b) final aspect of the three modules, and (c)
assembling of all the modules.

to the high hardness of the material (without damaging the haloscope). Therefore, this
capacitive window was finally realised by die sinking EDM at APM (Madrid, Spain) [113].
Figures 3.60b and 3.60c depict the final appearance of the three modules that compose
the prototype. The response measurement of this stainless steel structure can be observed
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in Figures 3.59b and 3.59c (solid red lines), which provided an unloaded quality factor
Q0 of 630 (82 % from simulation). This is a very good result compared to other RADES

structures manufactured, where values in the order of 50 % simulation were obtained for
this parameter.

After consulting many copper plating companies and considering different methods for
applying the copper layer (among which it was considered to replace it with a silver layer,
whose conductivity is slightly higher, σAg = 6.3× 107 S/m, with three previous layers of
Nickel, Alkaline Copper and Acid Copper), the coating was carried out in the company
Finitec Electrolisis S.L. (Madrid, Spain) [116]. There, a previous layer of bright Nickel of
2 microns thick was deposited on the structure (for housing adherence purposes) and
finally the copper layer (Acid Copper) of about 30 microns, which is the method that
has always been used for all RADES haloscopes. The final result is shown in Figures 3.61a
and 3.61b, and its response is plotted in Figures 3.59b and 3.59c (solid violet lines). This

(a) (b)

Figure 3.61: Aspect of the 2cav-Cap prototype after the Cu coating process: (a) modules disas-
sembled, and (b) assembled.

Cu coating has provided a large rise in Q0, up to a value of 4400 (85 % from simulation).
This is an even greater improvement than in previous configurations. We can therefore
conclude that this kind production and coating, and the idea of modularity itself, have
proved to be a real success.

As an additional investigation, the behaviour of the response of this structure has been
studied when the screws that join the modules are eliminated and openings are applied
in the longitudinal axis. The change in frequency and quality factor values have been
monitored. Figure 3.62a shows the results for four cases: closed case (assembled) and
openings of 1, 2 and 3 mm. The study has been adjusted so that the gaps in both cuts
are the same at each time. As it can be seen, the axion mode has undergone a frequency
shift of 277 MHz with an aperture of 3 mm. The longer the length of the subcavities, the
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Figure 3.62: Results for different opening gaps at the 2cav-Cap prototype: (a) magnitude of the
transmission parameter versus frequency, and (b) unloaded quality factor for the axion
mode.

lower their resonant frequency. Unfortunately, and as previously predicted, the unloaded
quality factor (see Figure 3.62b) for this mode drops rapidly at relatively small apertures,
obtaining a Q0 = 1219 for a gap of 3 mm that corresponds to 28 % of the value with the
prototype assembled.

Due to the good results obtained previously, it was decided to design, manufacture
and measure a new prototype based on the idea of modularity, an evolution of the first
one. As mentioned above, in order to produce a haloscope with more subcavities using
this type of structures, it will only be necessary to produce as many 2cav-Cap-ModuleCap
modules as subcavities desired. However, as in this case it is simply required to test the
behaviour with more subcavities (and not the copper coating, which is already known
that works correctly) it was decided to design and manufacture a prototype based on
N = 5 subcavities with 4 capacitive irises (i.e. an all-capacitive haloscope) in aluminium
AW-5083 (28.5 IACS%), an easier and cheaper material compared to the stainless steel
316L one (avoid manufacturing deformations), without applying a copper layer for now.
Therefore, the end modules (2cav-Cap-ModuleEnd) have also been manufactured again for
reasons of incompatibility with the previous prototype. The 3D model and the simulated
results after its design can be found in Figures 3.63a and 3.63b (blue line). On the other
hand, because in a multicavity haloscope the external subcavity lengths are different
from the internal ones (as the resonance frequencies are different to achieve the axion
mode condition [27]), there are two different types of intermediate modules8. In this case,
these types are the modules 5cav-AllCap-IntermediatePiece1, based on half external and half
internal subcavity length, and the 5cav-AllCap-IntermediatePiece2, based on two internal
subcavity lengths.

8 For N = 3 only one type of intermediate module will be needed, based on half external and half internal
subcavity length.
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Figure 3.63: 5cav-AllCap haloscope: (a) 3D model, (b) magnitude of the transmission parameter
versus frequency in simulation after its designing (blue line) comparing with a VNA
measurement (solid red line), (c) final aspect after the manufacturing of this struc-
ture, and (d) prototype assembled. The 3D model shows the symmetric half, being the
dashed region the symmetry plane.

With this, for the construction of a all-capacitive 5-subcavities multicavity, two 2cav-
Cap-ModuleEnd, two 5cav-AllCap-IntermediatePiece1 and two 5cav-AllCap-IntermediatePiece2
modules were manufactured. For the 2cav-Cap-ModuleEnd modules the technical
drawings are exactly the same as the ones shown in Figure A.10. For the 5cav-AllCap-
IntermediatePiece1 modules the technical drawings are the same as the ones shown in
Figure A.11 but replacing the half-subcavity length dimension of 14.5 mm by 15.345 mm.
For the 5cav-AllCap-IntermediatePiece2 modules the technical drawings are the same as the
ones shown in Figure A.11 but replacing the two half-subcavity length dimensions of
14.5 mm by 15.345 mm. The response and the final aspect of the manufactured prototype
are shown in Figures 3.63b (red line), and in Figures 3.63c and 3.63d, respectively.
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Again, since it is a multicavity with all capacitive irises, the axion mode is the last
peak of the 5-resonance band. As it can be seen, the response is frequency shifted by
about 86 MHz with respect to the structure designed in simulation, from faxion = 8.585 to
faxion = 8.671 GHz, due to manufacturing inaccuracies. On the other hand, the designed
or theoretical Q0 is 2589, while the manufactured prototype gives a Q0 = 1600 value (62 %
from simulation), which is a correct value in production. Then, we state that the modularity
gives also good results for a haloscope with a higher number of subcavities.

3.3 tuning systems

Another important feature of a haloscope is the tunability of the operation frequency since
the axion mass (or frequency) is unknown, and a portion of the spectrum must be swept
in any data taking. One of the works of this PhD thesis focuses on the development of
different mechanisms for scanning a specific axion mass area utilising mechanical systems,
ferromagnetic elements, and ferroelectric mediums, with special emphasis on the latter.

As it can be seen in equations 2.15, 2.16, 2.17, and 2.18, the resonant frequency of a
cylindrical or rectangular cavity for any mode depends on the cavity dimensions and on
the permittivity and permeability values. Frequency tuning systems for haloscopes can
therefore be divided into mechanical tuning (based on modifying the dimensions of the
resonant cavity) and electronic tuning (the principle of which is to modify the permittivity
and/or permeability of the cavity medium). Also, although these equations show that the
parameters a, b, d, εr, and µr affect to the resonant frequency of the haloscope maintaining
the relative mode separation when tuning, there may be cases where this behaviour is not
always met when systems become more complex. An example of this is the insertion of a
dielectric material into the cavity that does not completely fill its volume, which will be
discussed later in this chapter. Changing the mode clustering with frequency tuning can
become a problem for high volume haloscopes where the closeness of the frequencies is
already at the limit for a single frequency (see section 3.1). This condition establishes one
of the criteria when designing a tuning system.

3.3.1 Mechanical tuning: the sliding wall

So far, all tuning methods used in the axion community for haloscopes have been mechan-
ical. Cylindrical cavities containing one or more rods are used in the ADMX [117], HAYSTAC

[118], and Institute for Basic Science (IBS)/CAPP [97] collaborations. Tuning is achieved by
rotating these metallic rods within the cavities, which affects to the electromagnetic field
distribution of the resonance within the cavity, hence changing the resonant frequency
of the desired mode. A set of gears attached to a step motor or piezoelectric actuators
provide rotational movement to the rod system. In the QUAX experiment [119], movable
sapphire shells are employed to adjust the resonance frequency of the cavity. On the
other hand, the CAST-CAPP/IBS group [120] uses two movable dielectric sapphire plates
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arranged parallel and symmetrically to the cavity sidewalls.

The sliding wall system is one of the most basic methods for modifying a cavity. How-
ever, like with any tuning system, the ohmic losses caused by the geometry change must
be considered. Figure 3.64 shows two types of sliding walls: movable sliding short and
vertical cut tuning. The sliding short is put into the cavity using a stick, narrowing it and

y z
x

(a)

y z
x

Opening

a fr

a fr

(b)

Figure 3.64: Two types of sliding walls in a long cavity: (a) movable sliding short and (b) vertical
cut tuning. The arrows with dotted lines in the x−axis indicate a decrease in width
(and an increase in the resonant frequency fr), and vice versa for arrows with a solid
line.

raising its resonant frequency. In the case of the vertical cut the cavity is divided into two
pieces and one of them is moved to regulate the total width, which yields to a frequency
shift. Generally, the losses and the Q0 factor reduction as a result of the vertical cut opening
are low since our working mode (TE101) has a minimum value of current surface crossing
that region, as it is demonstrated in previous sections. Concerning the sliding wall system,
a choke section is usually applied to avoid high losses due to radiation [121]. The use of
gasket fingers is an alternative that is also under study.

3.3.1.1 Vertical cut tuning in the all-inductive 5-subcavities haloscope

In the case of the RADES group, one of our first tuning investigations were based on a
mechanical tuning method employing the vertical cut haloscope (see subsection 3.2.2),
which is divided into two similar parts that can be adjusted symmetrically to alter the
effective width dimension of the cavities, hence changing the axion frequency search
range [106]. A mechanical lateral motion system for width control in this haloscope was
designed and fabricated by Jessica Golm (more details can be found in her PhD thesis).
In this doctoral thesis, supporting work has been carried out to follow up this system.
This work has mainly consisted of the study and simulation of theoretical designs and
radiation of the structure, as well as the calculation of the quality factor from several
measurements of the manufactured prototype.

Three alternatives for this mechanical tuning concept were considered. A piezoactuator
was used in the first two proposals to move the two cavity components. The third
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approach is to move one section of the cavity from the outside using gears. The third
variant has the benefit of allowing a motor to be placed outside of the magnet at room
temperature. This allows to access to the motor during the data taking time and to replace
it if something goes wrong. A motor that does not need to function at ultra high vacuum
and cryogenic temperatures is also cheaper. As a result, the gears version was produced
and tested at the CERN main workshop and at the CERN Central Cryogenic Laboratory
(commonly known as the Cryolab), respectively.

In Figures 3.65a and 3.65b several pictures of the 3D model and the manufactured
prototype of this width motion system are observed. It is based on a casing where the

(a) (b)

Figure 3.65: Tuning control system for the vertical cut haloscope: (a) 3D models of the structure,
and (b) manufactured housing made of aluminium and stainless steel (because of their
low friction coefficient) without and with the vertical cut haloscope (top and bottom
pictures, respectively). At the bottom picture of (a) the object on the left is a cryogenic
piezoelectric motor, which drives a gear that moves the casing that can separate the
cavity halves. Pictures from Jessica Golm.

haloscope is inserted with several gears plus a stick that can be connected to a motor for
the movement control. This design is prepared to be used in a dipole magnet because of
its orientation. An alternative design of this system for working in solenoid magnets is
under study.

Figures 3.66a and 3.66b show the frequency shift of the response and the unloaded
quality factor variation with the opening gap at room temperature, respectively, in this
structure. As it can be seen, a frequency tuning range of 750 MHz (7.668− 8.419 GHz) is
obtained with a range of gaps of 2.75 mm in this vertical cut haloscope, maintaining a
maximum Q0 decrease of 14 %, which are considered as competitive results in the axion
community [97, 117–120]. The simulations show very similar results, obtaining also a
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Figure 3.66: Measurements of the vertical cut haloscope at room temperature with several gaps
employing the mechanical tuning system: (a) magnitude of the transmission coefficient
for 3 opening gaps, and (b) variation of the unloaded quality factor versus the opening
gap.

range of variation in the form factor of C ∈ [0.57, 0.65], which are more than acceptable
values. The decreasing behaviour of the unloaded quality factor from Figure 3.66b is due
to the radiation produced when opening. On the other hand, it is important to note the
difference between the two values of Q0 from equation 3.65 and the one obtained with
the case gap = 0 mm in Figure 3.66b. Although in both cases the structure is closed, in
the first one a higher contact has been ensured by exerting more pressure with the screws
(which cannot be used when tuning).

From Figure 3.66a it can also be extracted that the bandwidth of the group of 5 reson-
ances becomes larger, the larger the aperture gap (or the lower the resonant frequency
of the axion mode) which in turn helps to improve (or increase) the separation between
modes. This is because the inductive irises widths, which provide the couplings between
the subcavities, are also increased significantly with the opening, giving therefore a larger
coupling. More theoretical details of why the bandwidth increases with coupling are
shown in [27] and [80].

Measurements at cryogenic temperatures were taken for two gap cases (0 and 1.25 mm)
with the vertical cut haloscope at the Cryolab. The system setup before the installation
is shown in Figure 3.67a. Figure 3.67b depicts the frequency change of the axion mode
versus the temperature for the measurements with the cavity closed (left) and 1.25 mm
open (right). The resonant frequency varies by roughly 25 MHz during the entire cool
down process. At cryogenic temperatures, the axion frequency of the 1.25 mm open cavity
is 338 MHz lower than that of the cavity in closed position (8.112− 8.449 GHz). This is
in agreement with the results obtained from measurements at room temperature. The
unloaded quality factor rises with decreasing temperature and reaches saturation around
T ≈ 40 K. At cryogenic temperatures this quality factor is around 24000 (for both tested
gaps), corresponding to the 56 % of the theoretical value (Q0 = 43000). Then, greater gaps
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(a) (b)

Figure 3.67: Cryolab measurements: (a) Vertically cut cavity before installation at Cryolab. The cold
finger is visible on the left hand side. The vertical cut haloscope on the right hand
side is fitted with heat conducting wire to allow the cavity to take on the temperat-
ure of the cryostate. (b) Frequency shifting versus temperature (in K) obtained in the
measurements. Pictures from Jessica Golm.

could be applied to increase the tuning range in order to test the limit where the unloaded
quality factor is maintained at high values.

Research is still ongoing to adapt the movable system (see Figure 3.65) for frequency
tuning in the Cryolab and dipole magnets.

3.3.1.2 Vertical cut tuning in the alternating 6-subcavities haloscope

As it can be seen in subsection 3.2.3, the alternating 6-subcavity structure underwent
various treatments in order to increase its unloaded quality factor. In the penultimate
process carried out (see Table 3.8) this haloscope had a vertical cut (plus a horizontal cut,
where the screw system is located). During the period that this structure was in this state,
measurements were taken at room temperature to check the frequency tuning range and
the consequent reduction of the Q0 parameter due to electromagnetic radiation losses.

A picture of the haloscope during the tuning measurements, the tuning frequency
range and the fluctuation of the unloaded quality factor with the tested opening gaps are
depicted in Figure 3.68. As it can be seen, for apertures smaller than 5.5 mm a relatively
high Q0 is maintained. For the range 0 < gap < 5.5 mm, the frequency tuning range
obtained is 925 MHz (7.567 − 8.494 GHz), which is more than enough for a spectrum
sweep in a data campaign at this frequency.

The the energy stored in a resonant cavity is directly proportional to the size of the
cavity, and hence to the Q0 parameter (see equation 3.20). On the other hand, the power
loss in this case can be caused by the radiation and the conductive walls (inner surfaces
of the cavity). Then, it has been concluded that the reason for achieving a high Q0
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Figure 3.68: Measurements of the alternating 6-subcavities haloscope with vertical cut at room tem-
perature with several gaps: (a) picture of the structure at the tuning measurement pro-
cess, (b) axion mode frequency versus gap, and (c) variation of the unloaded quality
factor versus the opening gap.

over a long range of gaps is because the volume V gained (by making the width a of
the haloscope larger) compensates for the radiation losses. The area of the cavity walls
remains unaltered. For gap > 5.5 mm the radiation losses become very high and the
unloaded quality falls rapidly.

At this point, it has been demonstrated that the vertical cut tuning in alternating
structures is also possible. In addition, the tuning control system shown in Figure 3.65
could be adapted for this prototype, just modifying slightly its longitudinal dimension.

The study of this tuning in the current state of the structure (last row of Table 3.8) has
been left as a future line of this PhD thesis. It is also intended to perform a vertical cut
to the 30-subcavities haloscope to perform these tuning investigations, where more mode
crossings are expected due to the existing mode clustering.

3.3.1.3 Vertical cut tuning in the tall 4-subcavities haloscope

The tall prototype with 4 subcavities and 3 inductive irises was another of the designed
structures, manufactured and measured, with which frequency tuning studies were also
carried out. This process is depicted in Figure 3.69, where an image of this structure during
the measurement time and the displacement of the response for different apertures can
be observed. As it can be seen in Figure 3.69b, a lot of resonances appear in the frequency
range scanned due to the high value of the height dimension (b = 300 mm). For all the
cases, the axion mode is located at the first resonance of the response. In this structure, the
tuning frequency range achieved for a 3 mm gap variation is 815 MHz (7.357− 8.173 GHz),
which could be increased by making larger openings. This corresponds with a good value
compared with previous haloscopes.

Regarding the unloaded quality factor, as it is shown in Figure 3.69b, its value suffers
an increase from gap = 0 to 2 mm, and a slight detriment for the case gap = 3 mm. This
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Figure 3.69: Measurements of the tall 4-subcavities haloscope with vertical cut at room temperat-
ure with several gaps: (a) illustration of the structure at the procedure of the tuning
measurements, and (b) magnitude of the transmission coefficient versus frequency for
four gap cases. In (b) the axion mode frequency and unloaded quality factor values are
depicted for each gap.

fits with the conclusion drawn from the tuning study of the 6-subcavities alternating
structure, where the radiation effect is compensated by the volume gained enhancing the
quality factor as the aperture gap is increased up to a certain limit.

Again, the movable control system from Figure 3.65 could be used for this prototype,
but this time with major modifications as the volume and weight are greater than those of
the vertical cut haloscope.

3.3.1.4 Vertical cut tuning in the 2D 6-subcavities haloscope

The prototype based on an all-inductive 6 subcavities structure with an interresonator
cross-coupling was also used to study the possibility of employing the vertical cut as a
tuning medium. The concept for this structure is a bit different from the other studied
prototypes, as this time the vertical cut has been performed in manufacturing twice due
to the arrangement of the subcavities (2D design). Therefore, the tuning in this case was
based on modifying the opening gap of both cuts simultaneously. For this reason, washers
were employed for ensuring the same gaps, as it is depicted in Figure 3.70a. These meas-
urements were taken before the cooper coating, being the prototype manufacturing based
on the stainless steel 316L material. In Figure 3.70b it can be seen how a frequency tuning
range of 615 MHz (7.391− 8.007 GHz) is achieved for a gap range of 0 < gap < 2.5 mm,
which again it is considered as a good result for a RADES haloscope. In addition, as it is
shown, the value of the unloaded quality factor is maintained relatively high for all the
cases (633− 708).

The mode separation from the axion one to the next resonance is ∆ f = 110 MHz
with the gap = 0 mm case. However, for a gap of 2.5 mm this parameter decreased to
∆ f = 73 MHz since the transmission zero that operates for rejecting the second eigenmode
of the structure is very sensitive with the haloscope dimensions. Anyway, it is still better
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Figure 3.70: Tuning study with the all-inductive 6-subcavities haloscope with a cross-coupling: (a)
picture of the structure with washers (warranting the same opening gap at both vertical
cuts), and (b) magnitude of the transmission coefficient versus frequency for three gap
cases. In (b) the axion mode frequency and unloaded quality factor values are depicted
for each gap.

than the case without cross-coupling: ∆ f = 34 MHz. Then, tuning is possible deteriorating
slightly this mode separation.

In 2D structures the system for controlling the haloscope width could be adapted if it
divided into 3 pieces, where only the lateral modules are moved while the central one in
fixed.

3.3.1.5 Mechanical tuning in high-volume haloscopes

More investigations have been carried out for applying mechanical tuning in haloscopes
with a high volume, where the mode mixing could be a problem since the resonant
frequencies of the modes are very close.

Observing equation 2.17, the frequency tuning range for an specific a range can be
extracted. X-band examples for both long and tall structures when the width dimension is
employed for the haloscope tuning are shown in Figure 3.71. Also, Figures 3.71b and 3.71d
depicts how the differences in the mode clustering here are negligible preserving a high
tuning range (see Figures 3.71a and 3.71c). These results could be applied for both sliding
wall methods, sliding short and vertical cut tuning.

3.3.2 Electrical tuning

Unlike mechanical tuning, electrical tuning can create a system that is less prone to
mechanical failures (for example, by avoiding movable components in a cryogenic
environment) and so complements and enhances current procedures. Another advantage
of this type of tuning for multicavity systems is the ability to alter the multiple cavity
frequencies and interresonator coupling values independently to preserve the right modal
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Figure 3.71: Tuning characteristics for both long and tall structures varying the a dimension of
the cavity: (a) Tuning (varying a) for a long structure with b = 10.16 mm and d =
1400 mm, (b) mode clustering for different a values versus the length dimension (with
b = 10.16 mm), (c) tuning (varying a) for a tall structure with d = 28.55 mm and b =
1500 mm, and (d) mode clustering for different a values versus the height dimension
(with d = 28.55 mm).

structure and electromagnetic field pattern (which could improve also the form factor).
Furthermore, when these haloscopes are constructed at higher frequencies, the mechanical
tuning does not scale properly (for example from X-band to Ku-band). The electrical
tuning mechanisms presented in this PhD thesis may be able to overcome this problem.

In this work, several tuning technologies has been investigated in order to implement
an electrical tuning system in our haloscopes: liquid crystals, dielectrics, ferromagnetics,
ferroelectrics, piezoelectrics, MEMS, composite ceramics based on mixtures of ferroelectrics
and semiconductors (varactors), and so on. However, due to the environment imposed on
an axion detection system (cryogenic temperatures, high static magnetic field level, min-
imal losses and, in some magnets, ultra high vacuum), the ferroelectric and ferromagnetic
technologies, which might work in this environment, are the most promising ones. Because
these type of dielectric materials change permittivity with temperature or bias Direct Cur-
rent (DC) voltage, the idea is to load the haloscope with one of them and then vary its
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relative electric permittivity εr (for ferroelectrics) or its relative magnetic permeability µr

(for ferromagnetics) to induce a frequency shift.

3.3.2.1 Ferroelectric tuning

Ferroelectrics are non-linear dielectrics with high relative permittivity values that are
commonly used in commercial decoupling capacitors, acoustic-electronic transducers, and
MEMS [122]. Its permittivity may be changed by applying an external static electric field (or
by changing the temperature), which is the most essential property of some perovskites
that makes them appealing for agile microwave components (such as varactors, tunable
RF filters, and phase shifters).

There are about 300 ferroelectric materials available, but the most common is Barium
Strontium Titanate or BaxSr1−xTiO3 (BST), which operates in the paraelectric phase at
room temperatures (∼ 297 K) [123, 124]. The Strontium Titanate or SrTiO3 (STO) was
previously employed at cryogenic temperatures by the ADMX-Fermilab axion research
group, which researched ferroelectrics as a tuning element for the ADMX project [71].
However, the frequency shifts and accompanying dielectric permittivity changes were
not as large as projected [125, 126]. Furthermore, the losses in these studies resulted in a
decrease in the unloaded quality factor of more than 90 %. In this sense, this PhD thesis
proposes a novel technique of utilising electronic tuning systems based on ferroelectric
elements.

One of the main works carried out in this PhD thesis is the design of a novel concept for
using the ferroelectric Potassium Tantalate or KTaO3 (KTO) material as a tuning element
in haloscopes, a ferroelectric crystal with good tuning parameters and a very low loss
tangent (tan δ ' 10−5 at X-band, whereas for the conventional STO material it is ∼ 10−3) in
the cryogenic temperature range 0.1− 10 K [127].

The developed tuning methods are based on thin ferroelectric films near the side walls
whose relative permittivity value is modified with a temperature or applying a DC voltage
biasing. The cavity is not completely filled with the ferroelectric material since the form
factor would be drastically reduced (see factor εr in equation 2.6). In section 4.1 the
theoretical details for the use of ferroelectric films as tuning are described.

It is important to note that in the ferroelectric tuning system unlike the sliding walls
method, it does not decrease the cavity volume when the frequency changes since the tun-
ing is done by a electric permittivity change and not by a mechanical movement (or geo-
metrical change). In addition, the ferroelectric method (electrical tuning) can be combined
with the vertical cut (mechanical tuning) for more versatility in frequency adjustment.
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3.3.2.2 Ferromagnetic tuning

Once the ferroelectric tuning system was developed, another of the studies carried out in
this work was the possibility of using ferromagnetic crystals as electronic tuning (instead
of ferroelectric media). From equations 2.15, 2.16, 2.17, and 2.18, it can be extracted that
the εr and µr affect to the resonant frequency of a cylindrical or rectangular cavity for any
mode equally. However, the great advantage is that these crystals would be tuned with
the same static magnetic field already provided by the magnet (both dipole and solenoid
type) where the axion data campaign is to be carried out, avoiding the need to introduce
electrodes for the DC voltage inside the cavity, which has been a hard challenge at a
technological level point of view. Of course, it should be avoided varying the magnetic
field to zero, as this would result in no detected RF signal as the inverse Primakoff effect
would not be fulfilled (see section 2.2).

The axion experimental group QUAX performed in 2018 some tuning studies with
haloscopes using ferromagnetic materials. According to [128], this group discussed that a
tuning of a few MHz (with axion operating frequency at 14 GHz) could be obtained by
varying the static magnetic field. However, this experiment is not exactly equivalent to
RADES since what is sought is the interaction of the axion directly with the spins inside
the crystal (via axion-electron coupling).

Following an internal discussion in the RADES collaboration, it was decided to investigate
the Yttrium Iron Garnet (YIG) [129] and Gadolinium Vanadate or GdVO4 [130] ferromagnetic
crystals (recommended by Dr. Takis Kontos, from the French National Centre for Scientific
Research) to find out whether they are capable of working at cryogenic temperatures, what
is the range of µr through which these crystals move against a magnetic field of a few
Teslas, and their commercial availability (price, sizes and geometries).

The first step in developing an electronic tuning system based on ferromagnetic
materials was to search the literature for an approximate range of values of relative
permeabilities versus the static magnetic field. This search was not easy, but we managed
to extract some approximate values from the paper [131] for the YIG material, which
have been chosen as a reference for our studies even if they do not correspond to the
final values of the magnetic field to be used in a measurement. The selected range is
1 < µr < 100 (assuming a relative permittivity value of εr = 1 and a magnetic tangent loss
value of tan δm = 0 for these preliminary studies). The reason for choosing this strategy
is that we can also play with the crystal orientation since the µr sensitivity depends on
the parallelism between the ferromagnetic crystallographic axis and the magnetic field
direction. In this way, if the range that gives the greatest variability is, for example, around
1 T, then the crystal can be rotated so that the 8 T (in the CAST magnet) or 2.5 T (in the
BabyIAXO magnet; see Table 3.1) could correspond to 1 T on that orientation.

120



In this way, we have made a preliminary design that allows us to see this effect by
making a static magnetic field sweep with which, once characterised in manufacture, the
orientation and geometry are adjusted, if necessary, for the definitive design. The first
study carried out was the tuning effect investigation for one of our single (non multicavity)
haloscopes: the HTS prototype. A cylindrical YIG piece of diameter d = 5 mm and height
h = 10 mm was provided by Dr. Takis Kontos. As it can be seen in the 3D models from
Figure 3.72, the idea is to load (glueing with PolyMethyl MethAcrylate (PMMA) resist)
at one side of the HTS haloscope, with its longitudinal orientation parallel to the electric
field and then, parallel to the magnetic field lines of a Helmholtz coil (similarly to the
solenoid magnet case), where the experiment has been carried out. In Figure 3.72b several

HTS haloscope

YIG

(a) (b)

Figure 3.72: HTS prototype loaded with a YIG cylinder for the ferromagnetic studies: (a) magnetic
field lines in a Helmholtz magnet with the HTS structure, and (b) 3D models of the HTS
structure with the loaded YIG material. The ferromagnetic cylinder is positioned at the
middle in the height and longitudinal axis, and attached to one side.

3D models are depicted for a more detailed demonstration of the YIG position inside the
HTS prototype.

A tuning range of 246 MHz (8.805 − 9.051 GHz) has been obtained in simulation
with a permeability range of 1 < µr < 10, giving an increase of the quality factor from
Q0 = 42063 (µr = 1) to Q0 = 45554 (µr = 10).

By rotating 90o degree the YIG piece in the width axis, a greater tuning range has been
obtained for the same µr change: 640 MHz (8.411− 9.051 GHz), this is 2.6 times higher.
In this case, the unloaded quality factor goes from Q0 = 42063 (µr = 1) to Q0 = 52212
(µr = 10). However, with this orientation the YIG is not anymore parallel to the magnetic
field. Thus, an intermediate orientation is under study to increase both the YIG sensitivity
and the tuning range.
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Experimental measurements have been carried out in the Laboratoire de Physique de
l’Ecole Normale Supérieure (by Dr. Takis Kontos and Arnaud Thery) with this setup, the
results of which are still under analysis.

In addition, using the same configuration used for the ferroelectric tuning designs
(which will be explained in the next chapter), a setup has been found in simulation
with a 1 < µr < 10 range that provides a 1 GHz tuning range with good quality factor
(Q0 > 50000). The ferromagnetic films employed here have a rectangular shape with di-
mensions 0.3 mm × 10.16 mm × 22.86 mm. The implementation of this setup in a real
experiment has been reserved as future work.

3.4 movable coaxial port

As it has been seen throughout this PhD thesis, the port coupling β (see equation 3.48) in a
haloscope is an essential parameter to ensure good axion detection sensitivity in any data
campaign, and its value should be as close to 1 as possible (the critically coupled regime).
When an axion detector is installed in a magnet and cooled to cryogenic temperatures,
this coupling value may vary and not be as expected, even when using the prediction
methods discussed in subsection 3.2.4. Once the magnet is driven to these conditions,
the extraction of the cavity for port correction is not straightforward, so the use of a
β coupling readjustment system is almost mandatory in a realistic experiment. On the
other hand, this coupling tuning system will also be necessary if in an axion data taking
a portion of the electromagnetic spectrum (instead of a single frequency) is swept with
a frequency tuning system since the value of the coupling with the axion mode varies
according to the operation frequency.

There are several types of external coupling mechanisms, like waveguide irises (usually
employed in W-band structures) or coaxial probes. The most commonly used in X-band
and UHF-band structures are the latter because they can control the external coupling
easily by varying the depth of the coaxial pin inserted into the cavity. As it was studied in
previous sections, the optimum length of the coaxial pin is the one which establishes the
critically coupled regime. A sweep of several pin lengths has to be carried out to find the
optimum value. For a coaxial port, the pin movement depends on the type of magnet and
port position due to space constraints. Assuming a straight coaxial pin positioned at the
top of the first subcavity in a multicavity structure, for a solenoid magnet the movement
will be straight (up and down). Most coupling tuning systems for adjusting the depth of
antennas on SMA coaxial ports have been designed to be used in these types of magnets,
such as those used by HAYSTAC [72] whose linear motion control system is based on a
tuning vernier and springs, or the employed by ADMX [132] whose system based on gears
are frequently run into mechanical problems at cryogenic temperatures.
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However, the RADES team has made use of dipole magnets (such as CAST) until today, so
the motion needs to convert a longitudinal movement (due to limited available space) into
a vertical one. In the case of solenoid magnets the external access comes from the upper
part of the bore (z−axis in Figure 2.10a), and in dipole magnets it comes from one side
(z−axis in Figure 2.10b). Thus, the concept differs depending on the magnet since there
is a 90o angle between the direction of the bore access and the orientation of the coaxial
port for dipoles. Therefore, preliminary investigations have been carried out in this work
in which a first coupling tuning system adapted to dipole type bores has been designed,
manufactured and measured.

3.4.1 The first adjustable coaxial system

The first system developed in this PhD thesis for the external coupling control was based
on the use of wedges and a pushing element, with a sophisticated arrangement of square
panels, screws, and springs at a SMA port device allowing to transform a longitudinal
motion into a vertical displacement for the variation of the antenna penetration into the
subcavity where the port is positioned. A picture of this manufactured system in stainless
steel 316 is shown in Figure 3.73a, where its behaviour is being tested in a single cavity
that operates around fTE101 = 8.53 GHz. Also, in Figures 3.73b and 3.73c the lower (more
antenna inside the cavity) and upper (less antenna) limits of the system path can be
visualised. Figure 3.73d shows a sketch of the system providing more details of the system
modules. The solid arrows in Figure 3.73a indicate an upward movement (extraction of
the pin from the cavity) when the left-hand piece push the wedges of the port system. The
dotted arrows denote a downward motion (introduction of the pin) when the left-hand
piece moves to the left side alleviating the pressure (here the springs push down the
whole system). The two screws with springs at the panels are screwed (immovable) to
the cavity for fixing the upper position of the springs (allowing the compression and
the reversible motion). On the other hand, the two screws without springs are used for
attaching the system panels with the SMA one. In addition, all of them provide alignment.

In Figure 3.74a the reflection coefficient of the system (S11) is measured for three
different penetration depths of the pin into the testing cavity. Figure 3.74b shows the
Smith chart of the measurements, revealing more information to extract the behaviour of
the external coupling. Port 2 is very weakly coupled. As explained in the subsection 3.2.1.4,
if the centre of the Smith chart is inside the S11 circumference the port is overcoupled, and
vice versa for the undercoupled situation. For the case where the circle is on the centre
the port is critically coupled, which is the target in axion data taking. In the example of
Figure 3.74, the black lines correspond with the case from Figure 3.73b, while the blue
lines represent the Figure 3.73c case. The critically coupled case (red lines) is achieved in
an intermediate step between these two limits.
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(a) (b) (c)

(d)

Figure 3.73: First adjustable external coupling system: (a) manufactured prototype, (b) lower limit
case, (c) upper limit case, and (d) sketch with more information about the device com-
ponents. The solid arrows in (a) denote an upward movement (extraction of the an-
tenna pin from the cavity) when the left-hand piece push the wedges of the port sys-
tem. The dotted arrows represent a downward motion (introduction of the pin) when
the left-hand piece shifts to the left side alleviating the pressure (here the springs push
down the whole system).

An evolution of this prototype with longer stick wedges providing a higher range of
movement is under study (see Figure 3.75a). This will be almost mandatory since the
sensitivity of the S11 magnitude level with the coaxial pin movement depends on the
quality factor of the haloscope. If the cavity manufacturing yields to a worse Q0 than ex-
pected (< 50% of the simulation value), the system will have to deal with greater antenna
movement ranges than expected when the frequency is shifted (tuning). This behaviour
has been tested with some of the low-Q0 haloscopes manufactured by RADES, such as the
alternating 6-subcavities and 30-subcavities multicavities, where less sensitivity is found
in the S11 parameter at the axion frequency when the coaxial antenna is swept compared
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Figure 3.74: Test measurements of the first adjustable external coupling system: (a) S11 scattering
parameter magnitude as a function of the frequency for three different penetration
depths (the negative sign denotes an opposite vertical direction to the inner of the
cavity), and (b) measured reflection coefficient in Smith chart format.

(a) (b)

Figure 3.75: Sketches of the investigations carried out to evolve the first coupling tuning system:
(a) longer stick wedges for a higher antenna sweep range, and (b) re-designing of the
system with finger gaskets and inverted wedges.

with other structures with a higher quality factor.

On the other hand, after the optimization of this adjustable port system prototype,
the idea was to attach the left-hand piece (stick) to a step motor / piezoelectric to make
possible its control from the outside of the dipole magnet test-bed once it is installed for
data taking, although this will depends on the inner geometry of the employed magnet
bore (cryostat, thermal plates, elbows, bore length,...). A stepping motor (the HT23-595
- NEMA 23 High Torque Step Motor) and its controller (the STR2 - DC Powered Advanced
Microstep Drive) have been already acquired with which performance tests will be carried
out with our coupling tuning systems in the near future. After that, the next step will
be to buy a nanopositioner (similar to the Cryo Linear Actuator CLA2603 device) for
making further tests. For the moment, push and pull force studies of the manufactured
prototype have been carried out, obtaining results (6 and 2 N, respectively) within the
limits imposed by the commercial motor devices considered (< 30 N).

125



One of the main problems with this prototype is that it does not correctly guarantee the
contact between the port and the cavity, since when sliding the stick and raising the system,
the inner section of the coaxial (teflon + inner antenna) is exposed to a high electromagnetic
radiation. This translates directly into losses increasing rapidly as the antenna goes up
(less depth into the haloscope, or less coupling). Looking at Figure 3.74a, it can be seen
how this phenomenon is fulfilled as the off-resonance offset level decreases (from −1.15
to −1.78 dB), the value of which indicates the level of coupling losses. This means that a
higher range of movement would lead to higher losses in this prototype. Therefore, the
redesign of this system through the use of finger gaskets must be carried out in order to
ensure greater contact between the SMA coaxial port and the top of the haloscope housing.
Figure 3.75b shows a simple diagram of the use of finger gaskets, where the orientation
of the wedges in the panels and in the stick have been inverted. With this design, the
use of springs would not be necessary, reducing at the same time the total height of the
system to solve possible space incompatibilities within the bore of the magnet. However,
as we have not yet found commercial finger gaskets that meet our needs, we have left the
manufacturing of this structure as future line.

3.4.2 The second adjustable coaxial system

A study was carried out to contemplate the possibility of implementing a different
prototype based on the readjustment of the coaxial antenna by means of a perpendicular
gear. This prototype was provided by Pedro Plaza (from the ITACA institute, UPV, Valen-
cia). Figure 3.76a shows the tested cavity (an HTS haloscope prototype, see section 5.2.3
for more details) adapted with this antenna movement system for several experiments.
Figures 3.76b, 3.76c and 3.76d depict the modules of the system once it is disassembled.
The horizontal cylinder that can be observed in the intermediate module (see Figure 3.76c)
is employed for friction/contact purposes.

The inset in Figure 3.76a expose the possibility to adapt the gear with a complementary
gear that could allow the transformation of a rotatory motion in the longitudinal axis
into another revolving movement in the vertical axis (antenna axis). This would be
very interesting for dipole magnets, as previously discussed. For solenoid magnets,
the solution would be even simpler: to add a parallel spur gear attached to a cylin-
der stick that could be extended to the solenoid outside, allowing the transformation of
a rotatory motion from it to the gear of the antenna tuning system, both in the vertical axis.

Once the HTS cavity was assembled, and with the port 2 set to have a very weak coupling,
it has been found that it is possible to go from an undercoupled to an overcoupled state,
passing through the critically coupled case, at the port 1 due to this coupling tuning system,
similarly to the studies carried out to obtain the results from the Figure 3.74. In addition, in
order to check the behaviour of this system in a tuning situation at the data campaigns, and
taking advantage of the fact that this haloscope is prepared to be tuned easily by means
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(a)

(b) (c) (d)

Figure 3.76: Coupling tuning system based on a gear: (a) picture of the test realised with an HTS
haloscope prototype which is based on a vertical cut in manufacturing, (b) pieces of the
top module, (c) intermediate module, and (d) bottom module. The inset in (a) shows
another gear concept that could be adapted in the current prototype. The cavity is
disassembled for the visualisation of the coaxial antennas.

of its vertical cut, a study was carried out to maintain the critical coupling for any tuned
frequency by a manual adjustment of the gear when the cavity is opened (also manually
for these tests) with several gaps (from 0 to 2 mm). In Figure 3.77 the transmission and
reflection parameters of this cavity when is tuned and adjusted to be critically coupled are
shown. As it can be observed, the frequency range is 800 MHz for an opening range of
2 mm. Also, these results show how the critically coupled case can be achieved in the axion
mode for all the tuned frequencies (|S11| < −20 dB), verifying that this system could be
appropriate for a future data taking. For the cases with two resonances on the frequency
range shown in Figure 3.77 (pink and black lines) the axion mode corresponds with the
left one, being the right peak a higher mode resonance. On the other hand, more research
is being carried out to study the losses produced by this system.

3.5 conclusions

The volume limitations of rectangular microwave cavities working as haloscopes were
investigated in this chapter. This parameter enhances the axion detection sensitivity,
which is a primary incentive in the recent years studies. Several techniques for rising up
the volume are provided in the first section of this chapter, considering restrictions such
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Figure 3.77: Transmission and reflection parameters (S21 and S11, respectively) of the measurement
tests carried out with the HTS haloscope prototype. These tests are based on adjusting
the antenna depth with the coupling tuning system to be critically coupled with 5
different vertical cut openings. The dotted lines represent the S21 parameter, while the
solid lines correspond with the S11 parameter.

as the mode separation or mode clustering, and the modification of the form factor and
the unloaded quality factor parameters. This study also includes extensive investigations
with single cavities and 1D multicavities, as well as, in a more basic manner, 2D and
3D multicavities that achieve outstanding Q0 × V × C factor values. These haloscopes
have been shown to be compatible with the biggest dipole and solenoid in the axion
community. Several prototypes were produced and tested, yielding favorable results in
unloaded quality factor and mode separation, demonstrating the possibilities of several of
these investigations while also acting as validation.

Large cavities have been discovered to have the best Q0 × V × C factor among single
cavities. Furthermore, despite their additional complexity in the design stem, the usage
of multicavities can lead to an enhancement of this parameter. When looking for the
axion in a range of frequencies or masses, however, the rise in volume is restricted by
the number of tolerated mode crossings. The emergence of transmission zeros in several
haloscope designs, on the other hand, permits to shift or reject modes nearby to the
axion mode, reducing both mode separation and potential mode crossings across a range
of frequencies. These approaches are meant to serve as a guide for any experimental
axion team looking for volume restrictions in the construction of a haloscope based
on rectangular cavities (or multicavities) to be installed at dipole or solenoid magnets.
However, same techniques and analyses are also applicable to any application in which
rising up the volume of a waveguide cavity for a given resonant frequency is a target.

Depending on the kind and configuration of the magnet for axion data taking, this
study brings up a wide variety of interesting options. The solutions outlined in this work
allow for the most efficient use of bore space with the goal of increasing the sensitivity of
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axion search detectors. In this respect, studying the geometry limitations using numerous
concepts given in this work, such as alternating coupling in 1D multicavities or long, tall,
and large multicavities in 2D / 3D geometries, is a worthwhile challenge for the construc-
tion of a high competitive haloscope within the axion community. The extrapolating of all
these research and testing to cylindrical cavities and multicavities has been left as future
research work.

In the second section of this chapter, there is analysed the quality factor in several
haloscopes developed by the RADES team, proposing new solutions, like the modularity,
for the improvement of this parameter. The modularity idea is a novel concept developed
in this PhD thesis and it is based on applying manufacturing cuts at efficient areas in order
to lessen the influence on the surface currents (and consequently on the quality factor)
in the resonant waveguide cavities. Experimental results from several manufactured
prototypes employing this method has resulted in good agreement with the simulation
outcomes. Also, a new technique for an indirect identification of the axion mode has been
created utilising metallic pins that perturb the EM fields and shifts the frequency of the
some configuration mode resonances.

Finally, the last two sections show the studies carried out in the RADES team for the
implementation of various tuning systems (both mechanical and electrical) and input /
output coupling readjustment arrangement. In the case of the coupling system, a first pro-
totype based on wedge and spring mechanisms has been developed, firstly in simulation
and later in fabrication, obtaining a preliminary module for the adjustment of the coaxial
antenna depth and, therefore, accomplishing the β = 1 or critically coupled condition in
any haloscope.
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4
F E R R O E L E C T R I C E L E M E N T S I N A X I O N
D E T E C T O R S

As explained in previous sections, during this PhD thesis ferroelectric elements have
been used to improve the RADES team axion detectors. In 2018, Euclid Techlabs [133]
suggested using a ferroelectric tuning system for axion searches in the RADES, and ADMX

groups. Euclid proposed using KTaO3 as a tuning component, a ferroelectric crystal
with exceptional tuning parameters and a very low loss tangent (tan δ ' 10−5 at X-band
frequencies), compared to other alternatives at cryogenic temperatures, like the standard
SrTiO3 element [127]. Euclid Techlabs used electromagnetic simulations to investigate the
KTO permittivity value and its fluctuation within a 8 GHz test cavity. Euclid is currently
working on producing a first structure of the test cavity loaded with ferroelectric materials,
as well as characterising a small test cavity in the 2 − 10 K range, for experimentally
verifying the expected value of the permittivity, the tuning range, and loss tangent.

The ferroelectric elements are dielectrics with a non-linear behaviour and a great εr

value. They are commonly used in electroacoustic transducers, decoupling capacitors, and
microelectromechanical systems [122]. The relative permittivity of these ferroelectrics is
modified with a DC voltage or by a the temperature change, a key feature that makes them
good options for microwave components (like varactors, RF filters with tuning, phase
shifters, and so on).

Firstly, novel electrical tuning mechanisms for axion dark matter detection addressed
in the RADES project are offered in this PhD thesis. Unlike mechanical tuning, the tuning
systems based on electrical elements can create a design that is not as vulnerable to mech-
anical failures (for instance, by avoiding moveable components, which could be a problem
at cryogenic temperatures) and so complements and enhances current procedures. For
multicavities, these systems have also the ability to rectify the resonant frequency of
the subcavities and, at the same time, the window iris coupling (k) value. This is very
important since it allows the preservation of a right modal structure and its associated
E-field pattern (improving also the form factor C). Moreover, for haloscope designs
working at different frequency bands (for instance, from X-band to Ku-band), the tuning
systems based on mechanical movements do not scale well due to the manufacturing
tolerances. This problem might be overcome by the electrical tuning systems presented.
If metallic rods are employed for tuning, for example, they must be larger or smaller
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depending on the cavity size (or resonant frequency), and the motors / piezoactuators
that provide mechanical motion must deal with several weight levels. Furthermore,
these mechanical systems become significantly tiny at very high frequencies, requiring
smaller manufacturing tolerances. This work is simplified by the method suggested in
this PhD thesis, which requires simply films, which may be bigger or smaller depending
on the cavity dimensions, and a variable DC biasing or temperature. In addition, ferro-
electric tuning systems may provide a simple and reliable supplementary way of fine
tuning to mechanical tuning systems for future multicavities operating at high frequencies.

For the implementation of an electrical tuning system in the RADES haloscopes, as
it is introduced in subsection 3.3.2, various tuning technologies, including dielectrics,
ferromagnetics, ferroelectrics, liquid crystals, piezoelectrics, and so on [74], have been
explored. The ADMX team has also been investigating superfluid helium injection into
a cavity as a tuning technique [134]. As it is the case of the ferroelectric elements,
this method is based on altering the permittivity of the cavity medium and therefore
adjusting the frequency of the axion mode. This approach has been demonstrated to be
effective at cryogenic temperatures [135]. Yet, due to the extreme conditions imposed
on an axion detection system (temperatures around mK, high Be value, minimal losses,
etcetera), the ferroelectric materials, which might work in this environment, appeared
to be the most promising. The first idea was to take advantage of the permittivity
dependence with the bias DC voltage or temperature, developing a system where the
haloscope cavity or multicavity is loaded with ferroelectric films to cause a frequency shift.

As a first order approximation, the equation 2.17 (TE101 mode resonant frequency) may
be used for a scenario where a rectangular cavity is completely filled with a dielectric
element. As can be observed, this frequency is inversely proportional to the relative
permittivity with the square root ( fmnl ∝ 1√

εr
), therefore for a smaller frequency of the

haloscope, a greater εr is required. This fluctuation in permittivity affects the distribution
of the EM fields inside the cavity, which is the event used in this study for tuning. This
impact is investigated in section 4.1.

Because of the great variation in permittivity given by ferroelectric films, the second
notion investigated in this study is their application as interresonator coupling compon-
ents in multicavity haloscopes. As it has been seen in previous chapters, rectangular
waveguide multicavities employing iris window couplings have been utilised in the past
for the designing of haloscopes in the RADES team [68]. Inductive or capacitive windows
can be used to obtain an interresonator coupling between subcavities (see Figure 2.11), as
it is explained in section 2.4.2. This also defines the sign of the coupling k [74, 136].

Consequently, the degree of coupling between neighbouring subcavities is controlled
by the iris dimensions. Because this interresonator coupling is primarily employed to
improve mode clustering at axion mode frequency, a suitable coupling component should
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be capable of successfully controlling the value and sign of k.

The iris windows are prone to fabrication issues, particularly when both kinds (induct-
ive and capacitive) are used in a multicavity of N > 3 subcavities [80]. In this scenario, the
manufacturing necessitates 3D machining procedures with more than one cutting plan.
Due to the low values in the Q0 parameter of the manufactured structures it was deduced
in prior RADES investigations that there are poor contacts between metallic surfaces at
these prototypes, and hence a significant decrease in the flow of surface currents because
of these cutting planes. The employment of ferroelectric materials provides an excellent
solution to eliminate these limitations, since positive and negative coupling values may
be readily produced using KTO films. This can be accomplished by loading these elements
within the constructed rectangular housing avoiding the structure cutting at areas with
high levels of surface current.

These novel interresonator couplings, on the other hand, allow precise adjustment of k,
which could be interesting for the fixing of errors induced by production discrepancies
(tolerances) and film misalignment within the rectangular cavity, due to the capability
to modify the permittivity. This gives a competent adjustment system for the mode
separation.

In section 4.1, the fundamental features of ferroelectrics are firstly discussed. Later, the
innovative methods to employ these films as tuning components in single cavities or mul-
ticavities, to address concerns such as the restricted tuning range mentioned in [125, 126],
are reviewed. The use of ferroelectrics as interresonator coupling elements is investigated
in section 4.2 for the creation of reconfigurable single cavities and multicavities, regulating
the mode separation. In section 4.3, some practical aspects for accurate ferroelectric bias-
ing are commented. In section 4.4, different methods for the characterization of the future
acquired KTO crystals are examined. Lastly, in section 4.5, the PhD thesis findings about
the ferroelectric topics and its future lines are exposed.

4.1 the kto ferroelectric as a tuning element

As mentioned in section 3.3.2.1, there are a multitude of ferroelectric materials, but the
most employed, working at room temperature, is the BST element [123, 124]. The ADMX-
Fermilab team studied the ferroelectric STO previously for tuning purposes at cryogenic
temperatures [71]. The Fermilab project [125, 126] centred on harnessing the new electrical
features of nonlinear dielectric materials (using the STO) to create electronically adjustable
detectors for axion dark matter studies. Many thick-film STO elements were created and
evaluated on quartz and sapphire substrates employing various film deposition processes
by this collaboration. The frequency tuning (and the εr variation) was not as good as
foreseen, according to [125, 126]. ADMX obtained a tuning range lower than 0.1% (much
smaller than the ones in haloscope utilising mechanical tuning systems, > 1 % [97, 117,
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118]), and the losses resulted in a decrease of more than 90 % in Q0. In this sense, this
PhD thesis proposes a new technique of employing electronic tuning systems by the use
of ferroelectric elements.

According to [137], the KTO crystal is an emerging ferroelectric device with features
comparable to STO and Calcium Titanate or CaTiO3 (CTO). Although KTO and STO have
many affinities, the first one retains its cubic shape at extremely low temperatures by
simply lowering its losses (tan δ) between T = 300 and 5 K, but the STO crystal does not
[127, 137]. Because of the smaller losses, KTO single crystals are appealing for the design
of microwave tuning devices working at cryogenic temperatures.

It is worth noting that KTOs have not been well investigated below 4 K [127]. The
microwave dielectric characteristics of KTO materials with high purity were evaluated
in [127] at T = 4 K using a cylindrical film acting as dielectric resonator and working
with the TE0n1 and quasi-TE011 modes. At cryogenic temperatures, the KTaO3 does not
experience a phase change like the SrTiO3 ferroelectric. KTO stays with a paraelectric
behaviour down to 5.4 K, confirming theoretical expectations. A decrease of the tan δ

parameter was demonstrated in [127] at temperatures from 300 to 4 K throughout the
frequency range of 1 to 10 GHz. In [127], the characteristics (loss tangent and dielectric
constant) of the ferroelectric KTO, composed by the materials Ta2O5 (99.993 % pure) and
K2CO3 (99.999 % pure), were calculated at 5 GHz and at cryogenic temperatures. These
analysis gave values around tan δ ≈ 10−4 and εr ≈ 4500. In addition, a study of the KTO

tuning range is described [138]. At temperatures between 4 and ∼ 10 K, the εr value
grows to roughly 4500 at zero bias, but saturates for T < 4 K, according to [127].

In conclusion, at cryogenic temperatures, the KTO ferroelectrics may enable the construc-
tion of an electrical tuning system based on extremely low losses. Commercially accessible
KTO elements of 99.99 % purity can be found in [139].

4.1.1 Rectangular haloscope tuning with ferroelectrics

The approaches for using KTO materials as tuning elements in resonant cavities (for rect-
angular geometries) are now explained, considering the characteristics of these dielectrics,
described in the previous section. The initial stage in this process is to determine the
appropriate position of KTO films (with specific shape) within the resonant cavity for
giving a reasonable frequency tuning range while minimising the influence on other
parameters (form and unloaded quality factors). To avoid a significant density of EM

field within and around the KTO, the ideal ferroelectric position must be searched. This
work is extremely difficult because of the enormous value of the KTO dielectric constant,
particularly at cryogenic temperatures. If a dielectric pill with a high εr value is placed at
the bottom centre of a single cavity (as depicts Figure 4.1a), for instance, the E-field lines
are curved and acquire a tendency to be centralized in the surroundings of the dielectric
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for great relative permittivity values (εr = 50, for this example), as shown in Figures 4.1b
and 4.1c. This is represented as a dielectric resonator, and it has been widely explored in

d

a

b

hpill

(a) (b)

(c)

Figure 4.1: Rectangular single cavity with a high permittivity dielectric pill at the bottom centre: (a)
3D model, (b) vertical cutting plane for the visualisation of the E-field at the middle of
the cavity for εr = 1, and (c) for εr = 50. The dielectric pill acts as a dielectric resonator.

the literature of microwave engineering [140, 141]. The resonant frequency, and the Q0

and C parameters, are provided in Table 4.1 for some εr values in this scheme. For εr = 1,

εr fr (GHz) Q0 C

1 8.406 4.5× 104 0.657

2 8.249 4.5× 104 0.624

5 8.070 4.5× 104 0.589

10 7.972 4.5× 104 0.573

20 7.903 4.4× 104 0.554

30 7.865 4.3× 104 0.540

40 7.819 4× 104 0.509

50 7.710 3× 104 0.386

Table 4.1: Properties of a single cavity (based on the dimensions a = 22.86 mm, b = 10.16 mm
and d = 28.5 mm) with a high permittivity dielectric pill (based on the dimensions
rpill = 4 mm and hpill = 2 mm) placed at the center bottom for several εr values. This
dielectric pill is lossless. For the metallic housing of the cavity, it is assumed an electric
conductivity of copper at cryogenic temperatures (this is, σ2K

Cu = 2× 109 S/m).

the form factor is equivalent to the CTE101 value for the unloaded cavity (this is, C = 0.657),
which may be calculated from 2.6. Regardless of the good frequency tuning obtained for
εr = 50, the unloaded quality factor and the form factor values are drastically reduced.
These outcomes unequivocally show that this dielectric location and form must be ruled
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out for the KTO case, since it has remarkably high εr values in practise (near εr = 4500).

After multitude of manual optimizations simulating different dielectric forms and
locations within the resonant cavity (see some of these cases in Figure 4.2), it was obtained
a tuning system concept based on thin (ld ' 500 µm, where ld is the KTO thickness)
ferroelectric materials positioned near the housing walls (see Figure 4.3a) that gave
excellent outcomes in the Q0 and C parameters, and in the frequency tuning range.

Figure 4.2: Geometrical forms and placements investigated for the KTO as tuning system. These
designs produce sub-optimal results in the unloaded quality and form factors, plus low
tuning ranges, and have been ruled out as feasible options for tuning in haloscopes.
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r
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lw

lw

a

(a) (b)

Figure 4.3: (a) 3D model of a KTO-loaded single cavity employing two ports (input and output
coupling) of SMA coaxial type. The image depicts the symmetric half, where the dashed
area is the plane of symmetry. The ferroelectric films (KTOs) are shown in pink colour.
lc is the cavity length, which can be adapted for working at the desired frequency. lw is
the length of the space between the KTOs and the cavity walls. t is the housing thickness.
(b) Transverse plane picture of the E-field (vertical component, Ey) for the modified-TE301
mode at f0 (the resonant frequency of the cavity for such mode). The E-field end lobes
(blue dashed lines) are within the ferroelectrics. The Ey value is positive at the inner
area (red dashed lines) and negative at the KTO (and beyond them). Because of the high
narrowing of lateral lobes at the ferroelectric films, the modified-TE301 mode is quite
similar to the initial TE101 mode for an unloaded cavity with rectangular geometry.

Because a numerical determination of a transverse resonance equation is required to
analyse a structure comprising a rectangular waveguide section partly loaded [69], the
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analytical computation in this cavity is not simple. Alternatively, it was realised the
design on the frequency domain employing CST [78]. Another concern encountered in the
structure design is the great cost of computation required for the simulations because of
the existence of models with extremely high εr values, which necessitates the use of a large
number of mesh tetrahedrons for obtaining a right numerical precision. This limitation
was overcome by employing adaptive meshing in the EM simulations and making use
of electrically extremely thin ferroelectric sheets. The structure was also simulated using
FEST3D [78], a software that applies an integral equation methodology that is competently
solved using the Method of Moments (MoM) and BI-RME. Then, the numerical findings
achieved in the various haloscope designs with the ferroelectric system are validated by
employing these two full-wave EM simulators.

The basic concept for designing this type of system is to begin with the TE301 mode,
which is disturbed by the high dielectric constant value of the KTO to resemble the TE101

mode, so rising up the form factor value. This principle is depicted in Figure 4.3b. The
novel mode obtained by this method is known as the modified-TE301 mode. In this mode,
two of the three E-field lobes along the cross section of the cavity are quite confined because
of the great dielectric constant value of the ferroelectrics (depicted by the blue dashed
curves in Figure 4.3b), while the E-field variation at the center is expanded in the vacuum
area (shown by red dashed curves in Figure 4.3b). To do this, the KTO thickness should be
similar the half of the guided wavelength, which is the distance between two zeros of the
pattern of a transverse standing wave, computed as [69]:

ld =
λKTO

g

2
=

λ0

2
√

εr
√

1− ( f KTO
c / f0)2

=
c

2 f0
√

εr
√

1− ( f KTO
c / f0)2

, (4.1)

being λKTO
g the KTO guided wavelength, λ0 the wavelength at vacuum (which can be

calculated as λ0 = c/ f0), f KTO
c the KTO TE10 cut-off frequency (which can be calculated as

f KTO
c = c/(2lc

√
εr)), and f0 the working frequency. In general, the width of the cavity (a)

is in the fc denominator. In this example, nevertheless, it is utilised lc (the length of the
cavity) since an analysis of the transverse resonance expression is carried out for setting
the x−axis as the propagation orientation of the EM TE10 wave (and hence model the
pattern of the standing wave).

As it will be demonstrated in the following subsection, changing the εr of the ferroelec-
tric KTO efficiently changes the location of the modified-TE301 lateral lobes, offering a decent
frequency tuning range. In the meanwhile, it prevents the form factor from decreasing
because of the small area of the negative lobes in the Ey (blue dashed curve in Figure 4.3b).

In this PhD thesis, it is assumed a permittivity in the range εr ∈ [3000, 5000]. This
technique, nevertheless, is adaptable to any other condition that may be advantageous if
production tolerances of the ferroelectric films result in a distinct practical range. Addi-
tionally, as it is stated previously in this chapter, the losses of the KTO are tan δ = 10−5;
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however, in the simulations for the ferroelectric investigations, tan δ = 10−4 is chosen to be
more cautious and considering potential extra losses in manufactured structures. A value
of σ = 2× 109 S/m is used for the cavity conductivity (copper at cryogenic temperatures).
It yields a Q0 value of about 4× 104 for a single cavity (as it was presented in the previous
chapter, in Table 3.2).

4.1.2 Results for a single cavity with KTO at sides

It has been optimised, as an example, at the operation frequency f0 = 8.5 GHz the model
from Figure 4.3a. Employing equation 4.1, this results in a KTO thickness ranging from
ld = 250 µm (with εr = 5000) to ld = 322 µm (with εr = 3000), as preliminary values. lc, on
the other hand, is adjusted to resonate at 8.5 GHz (for the TE101 mode), in a cavity without
ferroelectrics, which gives the dimensions lc = 26.97 mm, a = 22.86 mm and b = 10.16 mm.

To pick the optimal film thickness (this is ld) and KTO separation from the cavity walls
(this is lw), an optimization technique is used, which involves gently altering the values
of ld and lw (observe Figure 4.3) to obtain the maximum range of frequency tuning
with good values in the Q0 and C parameters. The examined parameters for the design
of a haloscope are β, V, C, and Q0, as mentioned previously. With equation 2.14 and
assuming that β and V remain constant throughout the design, a handy figure of merit is
FM = Q0 C2. After an optimization procedure maximising FM (similarly to the cases in
[80]) and frequency tuning range, an ideal design with ld = 235 µm, and lw = 1.88 mm
is achieved. The frequency tuning range, Q0 parameter, C parameter, and FM parameter
for this setup are presented in Figure 4.4. With these settings, a frequency tuning range
of 700 MHz (7.2 %) is accomplished with an essentially constant C = 0.52 value for the
whole tuning range and Q0 ∈ [104, 5.5× 104] (observe Figure 4.4).

From the outcomes shown in Figures 4.4a and 4.4b, the plot shown in Figure 4.5 can be
derived, which illustrates the frequency dependence of Q0 (lower unloaded quality factor
values at higher frequencies).

If the Q0 decrease is unacceptable, the structure may be designed with a lower εr range:
εr ∈ [3000, 4200], for example, which presents a tuning of 2.23 % (216 MHz) and Q0 >

2.1× 104 (good results for an efficient axion detection at these frequencies [80]).

4.1.3 Results for a multicavity with KTO at sides

Using this ferroelectric approach, a haloscope consisted of four subcavities connected by
inductive windows was designed using the standard WR-90 (observe Figure 4.6a). In this
example, it was used a ferroelectric film thickness of ld = 250 µm and a KTO separation
from the cavity walls of lw = 1.5 mm, at all the subcavities. These values were acquired
using an optimization approach based on increasing FM and the tuning range, similarly

137



3000 3500 4000 4500 5000

r

8.8

9

9.2

9.4

9.6

9.8

F
re

q
u
e
n
c
y
 (

G
H

z
)

(a)

3000 3500 4000 4500 5000

r

10000

20000

30000

40000

50000

60000

Q
0

(b)

3000 3500 4000 4500 5000

r

0.2

0.3

0.4

0.5

0.6

0.7

C

(c)

3000 3500 4000 4500 5000

r

2000

4000

6000

8000

10000

12000

14000

16000

F
ig

u
re

 o
f 
M

e
ri
t 
=

 Q
0
*C

2

(d)

Figure 4.4: Characteristics of the design from Figure 4.3 versus εr with tan δ = 10−4. (a) Tuning
frequency range. (b) Quality factor parameter. (c) Form factor parameter. (d) FM para-
meter.

to the previous case with a single cavity. The responses achieved for two distinct levels
of εr (3000 and 3600) are depicted in Figure 4.6b. Our findings reveal that the resonance
frequency has been shifted by 37 MHz (0.4 %), laying the groundwork for demonstrating
that this method may be utilised to create efficient tunable haloscopes employing the
multicavity concept.

It was found parameter ranges Q0 ∈ [3.8× 104, 4.6× 104] and C ∈ [0.49, 0.509] for the
permittivity range εr ∈ [3000, 3600]. It should be noted that these values offer a FM of the
same order of magnitude in the single cavity, as demonstrated in the previous subsection.
Moreover, because of the limited volume of the ferroelectric films, expanding the εr value
has no effect on the form factor.

Lastly, the patterns of the E-field with εr = 3000 for both the single cavity and multicav-
ity cases are depicted in Figures 4.7a and 4.7b, respectively. A significant colour scale has
been used in these pictures to properly comprehend the negative E-field in the ferroelec-
tric region. Small values of E-field would be noticed at the surroundings of the inductive
window irises if this scaling was not there, suggesting that this is the right mode. As can
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Figure 4.6: (a) All-inductive multicavity with N = 4 subcavities loaded with KTO ferroelectric films
at the subcavity sides. (b) magnitude of the S21 parameter versus frequency for εr = 3000
and 3600. The dimensions of the multicavity are a = 22.86 mm and b = 10.16 mm,
lext = 26.97 mm, lin = 26 mm, t = 2 mm, and ai = 9 mm.

be observed, the axion corresponds in both situations with the modified-TE301 mode. The
primary E-field variation (the positive Ey value or red color in Figure 4.7c) is more con-
densed at the KTO films at higher εr values. This minor modification in the E-field causes
the desired frequency shift, resulting in a tuning in the search frequency for the axion.

4.2 the kto ferroelectric as an interresonator coupling element

At the present subsection, it will be seen how KTO films may be employed as interresonator
coupling components in a multicavity, replacing the iris windows (see Figure 2.11). As it
was previously explained in the previous chapter in section 3.2.1, iris windows frequently
generate quality challenges in production because of manufacturing tolerances and cuts
on planes with high values of the surface current in the axion mode. This results in mis-
alignment problems and low Q0’s in some circumstances. With the usage of KTO films,
just a single cut (on a low surface current plane) is required for producing the multicavity
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Figure 4.7: Vertical component of the E-field with εr = 3000 at designs of (a) single cavity, and (b)
multicavity. (c) Zoom of the KTO region to see the zero transition of the modified-TE301 E-
field inside the single cavity design (a) employing a transversal cut at the middle of the
resonant cavity for the cases εr = 3000 and εr = 5000. It is satisfied that x1 < x2, being
x1 and x2 the widths of the positive regions of the electric field within the ferroelectrics
with εr = 3000 and εr = 5000, respectively.

housing. Therefore, with this setup, the idea would be to introduce thin slits to position
the ferroelectric films within this housing.

4.2.1 Modelling

The setup utilised to investigate the impact of KTO films as interresonator couplings in
cavities with rectangular geometry is depicted in Figure 4.8. It is made up of two types
of waveguide sections: two sections of vacuum at the ends with lport (the distance from
the port reference plane to the KTO location) and one section of KTO at the middle with
ld. In this case, for analysing this model more easily, ports of waveguide type are utilised
(instead of coaxial type).

To evaluate this setup, a basic transmission line representation based on single-mode
(observe the first circuit from Figure 4.9) may be created. The transmission lines (1) and (3)
represent the vacuum section from Figure 4.8, and the transmission line (2) the ferroelectric.
For all the transmission lines, the characteristic impedance (Z0 for the vacuum section and

140



b

Port 1

a

lport

ld

0 r

0

0

lport
Port 2

Figure 4.8: Modelling of a KTO film as an interresonator coupling component. This setup is com-
posed by three sections: a first section of vacuum (this is ε = ε0), a second section filled
with the ferroelectric film (this is ε = ε0 εr), and a third section of vacuum. The wave-
guide is based on the standard WR-90. ld, the KTO length, and εr, the permittivity of
the KTO, control the coupling level. On the other hand, lport is the length from the port
reference plane to the ferroelectric.

Zd for the KTO section) is the fundamental mode (TE10) impedance, which depends on the
permittivity medium, computed as [69]:

Zi = Zi,TE10 =
2 π f µ0

βi
=

η/
√

εri√
1− ( fci / f0)2

, (4.2)

being βi the fundamental mode propagation constant at each section (i), fci = c/(2 a
√

εri)

the cut-off frequency of the fundamental mode (the TE10 mode) at each section (i),
η =

√
µ0/ε0 ' 120π Ω the impedance at free space, and εri the relative permittivity at

each section (i). βi can be represented as βi = (2π)/λgi, where i = d for the transmission
line (2), and i = 0 for the transmission lines (1) and (3).

A significant impedance step between the KTO and vacuum sections emerges because
of the great εr deviation between both mediums. When the length of the transmission
line (2) is near to ld = λgKTO/2, it functions as a resonator [69]. This condition may be
modelled by a parallel resonator with lumped LC elements, as illustrated in the second
scheme from Figure 4.9. This parallel LC system resonates at fKTO = 1

2π
√

LC
, being L the

inductance value and C the capacitance value.

For frequencies with f < fKTO, the inductor admittance (YL = 1
j2π f L ) is greater than

the capacitor one (YC = j2π f C), resulting in inductive behaviour. The admittance is the
inverse of the impedance (this is, Y = 1/Z) and it is commonly used in parallel circuit
analysis. In reality, at these frequency values, the current flows mostly through the L
element. As a result, the ferroelectric functions as an inductive coupling, as seen in the
third scheme from Figure 4.9. On the other hand, at f > fKTO, the KTO operates as a
capacitive coupling (observe fourth scheme from Figure 4.9). Yet, the εr value of the
ferroelectric film may be exploited to simply adjust fKTO, the KTO resonant frequency. This
allows to easily modify the frequency ranges where the KTO functions as inductive or
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Figure 4.9: Single-mode transmission line model for analysing the structure from Figure 4.8. Circuit
from top to bottom: three transmission lines, replacing the central transmission line with
a LC resonator, replacing the central transmission line with an inductor (KTO acting as
inductive coupling), and replacing the central transmission line with a capacitor (KTO
acting as capacitive coupling).

capacitive coupling. More details will be exposed in the next subsection, designing a KTO

film to work as a coupling component.

It has been defined the behaviour of the model of Figure 4.8 by examining the first
scheme from Figure 4.9. In this circuit, the scattering parameters may be computed by:

S11 =
Zin − Z0

Zin + Z0
, (4.3)

S21 =
(1 + S11)(1 + ρ2)e− j βd ld

1 + ρ1
, (4.4)

being S11 the reflection scattering parameter, S21 the transmission scattering parameter,
Zin the impedance at the input, Z0 the characteristic impedance of the transmission lines
(1) and (3) (the vacuum sections), ρ2 the reflection coefficient of the transmission line (3)
referred to the transmission line (2) (the ferroelectric section), j ≡

√
−1 the imaginary unit,

βd the propagation vector (longitudinal part) in the transmission line (2), and ρ1 the input
reflection coefficient referred to the transmission line (2). The propagation vector can be
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defined as βd = (2π)/λgd. λgd can be calculated with 4.1 employing the ferroelectric cut-
off frequency as f KTO

c = c/(2a
√

εr). The theory of transmission lines can be employed to
compute Zin by:

Zin = Zd
Z0 + j Zd tan (βd ld)

Zd + j Z0 tan (βd ld)
. (4.5)

4.2.2 Results for a multicavity with KTO as an interresonator coupling element

Applying the equations from the previous subsection and using εr = 4000 and
ld = λg/2 = 279 µm for obtaining fKTO = 8.5 GHz, for instance, the findings presented
in Figure 4.10 are achieved. As previously mentioned, for f < fKTO = 8.5 GHz, the KTO
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Figure 4.10: |S11| and |S21| versus frequency for the model from Figure 4.8, obtained employing 4.3
and 4.4. For f < fKTO, the ferroelectric acts as inductive coupling, and for f > fKTO it
behaves as capacitive coupling.

coupling is of inductive type, while for f > fKTO = 8.5 GHz, it is capacitive. The frequency
ranges where the KTO functions as inductive or capacitive coupling may be modified
without difficulty by tuning fKTO, which may be readily adjusted by ld or εr.

The physical coupling k value is determined using a model consisting of two subcavities
coupled by a single interresonator coupling. In this work, this coupling is provided by
the KTO film. The 3D model from Figure 4.11 has been used for this purpose, where the
port couplings has been implemented with inductive irises. With this model, k may be
calculated as follows [74] (section 14.2.2):

k =
f 2
even − f 2

odd
f 2
even + f 2

odd
, (4.6)

being feven the even (or magnetic) frequency and fodd the odd (or electric) frequency [74].
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Figure 4.11: 3D model of a N = 2 multicavity employing a ferroelectric film KTO as interresonator
coupling element. The port coupling sections are conducted by inductive irises. The
image depicts the symmetric half, where the dashed area denotes the plane of sym-
metry. For this prototype, the dimensions are identical to the structure from Figure 4.8,
with lport = 8 mm. lc is establish for obtaining f0 = 8.42 GHz, and ld is adapted to
position fKTO above or below f0 to enforce either inductive or capacitive coupling. ai is
set to 5 mm in order to lower the load effect.

After this, the KTO must be characterised as a coupling component with an operation
frequency of f0 = 8.42 GHz. In the first instance, it is calculated the inductive coupling for
the KTO. In this scenario, the KTO resonance is set at a frequency greater than 8.42 GHz.
A fKTO = 9.5 GHz is chosen for this experiment, which translates to a ld = 250 µm with
εr = 4000. It is supposed that the ferroelectric permittivity takes values between 3000
and 5000. Secondly, ld = 316 µm is chosen for the capacitive coupling case, resulting in
a fKTO = 7.5 GHz with εr = 4000, which is smaller than f0. Figure 4.12 illustrates the
computed coupling values versus εr for both types of coupling: inductive and capacitive.
The outcomes show that a KTO sheet may operate as a coupling element, with coupling
values ranging from near zero to values over |k| = 0.04, including the possibility of
change the sign. As Figure 4.12 depicts, for the case of the ferroelectric film acting as an
inductive coupling the value of |k| increases with permittivity, while for the capacitive
case it decreases with εr.

For window irises, a common feasible |k| value is 0.02 [80]. To demonstrate the efficiency
of the KTO ferroelectric as a coupling element for the this interresonator coupling value, it
has been carried out investigations with dielectric films. |k| = 0.02 is reached at εr = 4806
for the inductive coupling scenario, and at εr = 3295 for the capacitive coupling scenario,
as shown in Figure 4.12.

With the alternation of high and low εr values, the alternating 6-subcavities haloscope
from the RADES team (see Figure 2.17a) may be created replacing the window irises
with the KTO films. Alternating interresonator couplings, as stated in the previous
chapter, promotes mode separation. Furthermore, in the scenario of manufacturing
inaccuracies or if an adjustment of the response is necessary for whatever motive,
this system can offer a final correction in the ferroelectrics. This is easily accomplished
by altering the εr of the films employing the DC voltage mentioned in the following section.
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Figure 4.12: Value of the physical interresonator coupling as a function of the KTO εr in the multicav-
ity from Figure 4.11, working at f0 = 8.42 GHz, for two cases: (a) inductive coupling
(utilising ld = 250 µm), and (b) capacitive coupling (with ld = 316 µm).

As demonstrated in Figure 4.13a, the preceding case may be utilised to create a more
realistic haloscope based on an alternating multicavity with N = 4 subcavities and
three ferroelectric interresonator couplings (two capacitive and one inductive), making
use of ports with coaxial couplings. This strategy improves the mode clustering when
compared to an all-inductive or all-capacitive haloscope, as it has been seen in the
previous chapter. It must be utilised the acquired KTO thickness and permittivity values,
this is ld = 316 µm and εr = 3295 for the capacitive case (films with pink color in
Figure 4.13a), and ld = 250 µm and εr = 4806 for the inductive scenario (film with
brown color in Figure 4.13a), for obtaining the mentioned |k| = 0.02 value in all the
interresonator couplings. In this case, the coaxial antennas are designed to have a low port
coupling. The transmission parameter extracted with these ferroelectric films is depicted
in Figure 4.13b. Since this prototype is based on alternating couplings, the axion mode is
located at the second resonance [80]. In addition, Figure 4.13c displays the axion E-field,
being the negative E-field value (depicted in blue color) within the ferroelectric films. It
is worth noting that this model has shown to be extremely successful since the E-field is
synchronous in all the subcavities, which is essential to optimise the form factor [80]. The
resultant mode separation (63 MHz or 0.75 %) and the unloaded quality and form factor
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Figure 4.13: Haloscope based on a N = 4 multicavity with three KTO couplings (2 capacitive and
1 inductive) and port couplings of coaxial type: (a) 3D model with a = 22.86 mm,
b = 10.16 mm, lext = 29.05 mm, lin = 27.34 mm, ld1 = 316 µm, and ld2 = 250 µm.
(b) Magnitude of the S21 parameter. (c) Vertical component of the axion mode E-field
(working at the frequency f0 = 8.42 GHz). As it is the case in Figure 4.7b, a high
colour scaling has been implemented to appropriately understand the behaviour of
the E-field.

values (Q0 = 3.2× 104 and C = 0.586, respectively) are quite excellent (see Figure 4.13b),
proving that this idea may be utilised for the construction of haloscopes with the extra
flexibility of permitting a simple mix of inductive and capacitive interresonator couplings.

Lastly, using of KTOs as coupling elements eliminates the necessity to fabricate window
irises, which induced many quality factor issues in the RADES haloscopes.
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4.3 electrical biasing of ferroelectric films

By providing a DC voltage or changing the temperature, the permittivity of a ferroelectric
may be altered. For the voltage case, an asynchronous structure with independent tuning
of each KTO film can be constructed. With the temperature choice, however, the entire
axion detector will be cooled/warmed, thus all KTO films will have the same permittivity
value. For the latter case, various aspects must be considered when designing an altern-
ating multicavity with an electronic tuning based on ferroelectric elements. The most
important is to use an appropriate ferroelectric thickness. A longer ld for the capacitive
couplings should be employed, establishing fKTO below the working frequency (observe
Figure 4.10). If εr diminishes, k will fluctuate, but it will always work within the capacitive
zone. In a similar way, for KTO films acting as inductive couplings, ld should be lower
to guarantee that fKTO is considerably high to ensure that k varies within the inductive
zone (observe Figure 4.10). If the permittivity of the ferroelectric films is changed by
voltage, ld of all the KTO films may be the same, and the coupling sign could be altered by
implementing various voltages to each ferroelectric element.

Because haloscopes must work at the lowest possible temperature, increasing the
its value to regulate the ferroelectric permittivity could reduce the performance (the
axion-photon conversion sensitivity in this case) of the experiment due to the effect in Tsys

and Q0. As a result, the DC voltage appears to be the best approach for changing εr.

When applying a DC voltage to these KTO slabs, the location of the electrodes must
be cautiously evaluated. To give access to the interior of the cavity for the wires of DC

biasing, small perforations in the walls of the haloscope are required. Furthermore, an
appropriate notch filter must be developed at the DC voltage stage to minimise significant
losses caused by parasitic components implemented by non-desirable frequencies. The
electrodes would be placed at the two nearest surfaces evenly over it. Moreover, the cables
of the biasing (and its access holes) are placed around the cavity corners, as it is illustrated
in Figure 4.14, because the TE101 surface current level is minimum on this area.

According to [133], the contacts for the DC voltage biasing and deposition technologies
are heavily reliant on the design of the haloscope. For a mode that does not include any
E-field components parallel to the ferroelectric film surfaces, the biasing contacts can
be formed of either high conductivity or superconducting elements. High conductivity
elements can be put on electrodes, and adhesion and thermal expansion matching sheets
can be used to assure minimal losses at the biasing stage. As it has been stated, the
deposition of a superconducting layer of the electrodes is another option. A resonator
was built on 0.5 mm × 10 mm KTO pills with an epitaxially polishing in [122]. Also,
the co-evaporation method was employed to deposit superconducting Yttrium Barium
Copper Oxide (YBCO) layers [122].
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Figure 4.14: Single cavity loaded with two KTO films (pink color) with an horizontal cut for depict-
ing the place of the biasing electrodes. VDC symbolizes the DC voltage implemented to
these electrodes. One of the two biasing electrodes in each ferroelectric slab is attached
to the housing of the cavity (blue color), operating as ground.

As it has been seen previously, the TE101 mode has its field lines parallel to the surface
of the biasing contacts. With this, high resistivity contacts can be employed for the biasing
to avoid a high Q0 deterioration. The biasing connections must be placed on the crystal
surface in this circumstance. To prevent shorting the cavity, preliminary simulation studies
of bias electrodes with high resistivity levels in a cavity without ferroelectric elements
have been carried out. The results gave acceptable quality and form factor values using
Rs > 2× 106 Ω/Sq, where Rs is the sheet resistance. Although it is difficult to create such
a scenario with metallic electrodes, [142] reports several materials that might produce Rs

values of 109 to 1017 Ω/Sq with a thickness of 100 nm. These materials would be analysed
in a future work.

Lastly, to prevent the insertion of an extra noise source, the DC voltage supply must not
emit noise in the frequency range of the haloscope. With proper design and a filter of low-
pass type, this noise source may be minimised. It is also critical to ensure that the wires of
the DC voltage are properly shielded to bypass the origination of pick-up noise.

4.4 characterization of ferroelectric films

Once the KTO material to be used in the designed tuning system has been purchased, it
is mandatory to characterise the ferroelectric material, as the characteristics provided by
the vendor may vary from one crystal to another, and even more so if the film shapes are
modified to obtain the appropriate geometry. Normally, vendors provide pill-shaped KTOs
(like the case from Figure 4.1), but the desired geometries in this work are rectangular (see
Figure 4.3, for example). Therefore, cuts must be applied in the crystal, which can change
its dielectric properties.
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To characterize the electrical permittivity of the KTO (this is, its dielectric constant εr

and loss factor tan δ as a function of the biasing) in this PhD thesis it has been developed a
setup that could be used to apply a DC voltage at the ferroelectric, measuring its behavior.
After investigating a multitude of geometries for the KTO crystal, a novel setup has been
proposed providing good characteristics in terms of mode crowding (which is an issue
due to high permittivity). This system is based on a coaxial port connected to two parallel
metallic plates, being the KTO film attached between them (see Figure 4.15 (left)), like a
capacitor. The external conductor of the coaxial is electrically connected to the top metallic

Figure 4.15: Left: Scheme of the KTO characterization setup based on a coaxial port and two metallic
plates forming a sandwich with the KTO in the middle. VRF and VDC are the voltages
at RF frequencies (operation frequency at which the KTO will be characterize, at X-
bands for our case) and at DC frequencies ( f = 0 Hz, the biasing frequency of the
contacts), respectively. As it can be seen, the external conductor of the coaxial port acts
as common GrouND (GND) for both RF and DC signals. Right: Highlighting of the KTO
material in the 3D model to observe its geometry (ring shape).

plate, which carries the 0-voltage level (GND), while the inner conductor is only connected
to the VRF signal. The bottom plate will carry the positive DC voltage. A classical analysis
consists in comparing the S11 parameter (the reflection coefficient) at the coaxial port
with and without ferroelectric, measuring the resonant frequency shift and the increase
in the bandwidth (or decrease of the quality factor) for a mode close to the frequency of
interest. Nevertheless, it will be necessary in order to obtain accurate results to develop
an optimization technique which fits the setup simulation results (by means of numerical
methods) with those of the measurement. Therefore, the concept is based on extracting
the permittivity value from the frequency shift and the losses from the S11 level.

The KTO shape must be based on a ring (see Figure 4.15 (right)), to apply a uniform
DC voltage along its top/bottom walls. A circular shape would lead to a non-uniform DC

distribution due to the lack of GND signal at the inner conductor and at the dielectric of
the coaxial. If the ring production is found difficult, a solid KTO disk as alternative could
be also feasible, assuming a lower accuracy due to the previous reasons. In the example of
the 3D model shown in Figure 4.15 (right), the ring thickness (radial axis) is 1 mm, but it
could be higher (3 mm, for example) if it solves manufacturing incompatibilities. On the
other hand, the high step from KTO permittivity to air permittivity (∼ 1) allows to assume
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a boundary condition of perfect magnetic wall in that zone.

The setup relying on the concept of huddling several E-field variations (lobes) of TM0x0

modes, being x and entire number, at the KTO ring thanks to its high permittivity value,
similarly to the modified-TE301 mode concept described in section 4.1.1. Figure 4.16 shows
the obtained results from the simulations carried out varying the εr value from 3000
to 5000 (the expected permittivity range for the ferroelectric KTO). As it can be seen,

(a)

(b)

Figure 4.16: Simulation results of the |S11| parameter as a function of the frequency for several
permittivity values with the setup from Figure 4.15 employing tan δ = 10−4: (a) from
εr = 3000 to 4000, and (b) from εr = 4000 to 5000. At the insets of both figures there is
depicted the vertical component of the E-field for several TM0x0 modes: (a) εr = 3000
with x = 2, 3 and 4, and (b) εr = 5000 with x = 3, 4 and 5.

depending on the frequency at which the KTO is to be characterised, a mode with a
specific x value must be used. For example, if it is desired to characterise the ferroelectric
in the range f ∈ [8.5, 9.5] GHz, the TM040 mode (this is, x = 4) should be studied since it
covers the whole spectrum. It is worth noting that for the permittivity range between 4000
and 5000 (see Figure 4.16b), the TM020 mode has been left out of the simulated frequency
span (below).
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Finally, in this setup one has to take care that no electrical discharge from the VDC part
to the VRF part takes place, because this could damage the VNA seriously. A low-pass filter
should be implemented in this stage between the RF output to ground. That filter would
prevent in case of a failure that the high anode voltage is applied to the RF output. In any
case, these concepts are still under development and have been reserved as a future line of
research for this PhD thesis.

4.5 conclusions

The ferroelectric research in this work provides a new technique of using electronic tuning
systems with KTO elements. Design instructions and simulation data for haloscopes
scanning a large spectrum area of axion masses are offered in this chapter. A N = 4
multicavity with three iris windows of inductive type providing a reasonable tuning range
and good outcomes in Q0 and C has been created.

In addition, the usage of KTO slabs to create any sort of interresonator coupling is
illustrated in this study. An alternating N = 4 multicavity with acceptable form factor
and quality factor outcomes was created using three KTO films. To promote the mode
separation at the axion frequency, the structure incorporates the mentioned alternating
behaviour: two KTO films operating as capacitive coupling elements and one as inductive.
This work indicates that the approach permits the relatively easy combination of inductive
and capacitive interresonator couplings within the same multicavity. In addition, the KTOs
suppress the requirement to produce iris windows and may increase the haloscope quality
factor.

Also, this type of ferroelectric tuning in multicavities allows the alteration of the mul-
tiple frequencies of the subcavities and, at the same time, the k value at each interresonator
coupling independently to preserve the right modal behaviour and the pattern of the EM

field in the mode. This concept could enhance the form factor parameter.

To exemplify the suggested principles, two multicavities with ferroelectric slabs have
been studied. The primary future line of this work will be the experimental testing of
these ferroelectric films (the KTO) in several prototypes while establishing an appropriate
DC voltage mechanism with the least influence on the Q0 and C parameters. In addition,
the merging of both approaches (KTO elements for tuning and interresonator coupling) in
the same structure is being examined.

Finally, a simple setup for the characterization of the acquired KTO crystals has been
presented. Several simulation outcomes are provided showing good results, demonstrating
the feasibility of this system against the mode crowding, a typical issue in structures with
dielectrics of high permittivity values.
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5
O T H E R H A L O S C O P E S T U D I E S

As discussed in Chapter 3, there are many ways to improve a dark matter axion detector.
Some of these enhancements (such as increasing the volume, improving the form factor
and the quality factor, and implementing a more efficient tuning system) have been
discussed in the previous two chapters. In this chapter, other studies carried out in this
PhD thesis within the framework of the RADES team will be presented, with the aim of
contributing to the axion community with investigations and developments in the design
of haloscopes.

Firstly, section 5.1 shows the studies carried out to implement a port summation system
in single cavities and multicavities to aid mode separation and assisting in the identifica-
tion of the axion mode resonance. Secondly, in section 5.2 there are presented additional
studies with haloscopes. Section 5.2.1 shows the investigations conducted for the imple-
mentation of QuBit devices, whose main advantage is based on the lowering of the system
temperature thanks to the thermal noise improvement. In section 5.2.2, the results of other
prototype designs working at UHF-band and W-band frequencies to search the axion at
different spectrum areas are presented. In section 5.2.3, the HTS concept and the developed
structures are exposed, which allows the increasing of the unloaded quality factor beyond
the limits exposed in section 3.1.1. Finally, in section 5.2.4 the efficient full-wave modal
technique BI-RME 3D is presented, which helps with the analysis of the EM coupling axion-
photon in a haloscope.

5.1 multi-port combination for mode rejecting

As explained in section 3.1, the increase of volume (or dimensions) in a single cavity or
multicavity is limited by the frequency approximation of unwanted modes to the axion
mode resonance. In the case of single cavities, it was shown that these limiting modes are
the higher order resonant modes. In particular, for rectangular single cavities, it has been
studied that the modes TE111 and TE102 are the ones that limit this increase in volume. On
the other hand, in multicavities of N subcavities, with N number of configuration modes
for each resonant mode, it was shown that the ones imposing this constraint can be either
one of these configuration modes for the operation resonant mode (TE101 in our case),
or a configuration mode of a higher order resonant mode (TE111 or TE102), depending
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on the height (b) and the length (d) of the subcavities and on the number of subcavities (N).

Furthermore, as it can be seen in the above-mentioned section, there is the possibility
to implement transmission zeros in the response of a haloscope based on the concept
of multicavity for the exceeding of the discussed limits. These zeros are created either
by the approximation of resonant modes with a relatively high quality factor or by
the implementation of a cross-coupling in the design topology. Thanks to them, it was
demonstrated with a simple and preliminary 2D multicavity prototype that the mode
separation can be increased by more than three times (see Figure 3.21c). In this sense,
this PhD thesis shows that there is a wide range of possibilities to combine the studied
geometries and topologies for the further increasing of the mode separation.

In order to rise up the mode separation (or continue increasing this parameter if trans-
mission zeros are employed) in haloscopes, another new idea has also been developed in
this work, which allows different modes to be rejected in single cavities and multicavities:
coherent combination of port signals with phase matching.

Unfortunately, although this technique allows the rejection of different modes, as it will
be seen below, being a post-processing (after the expected axion detection), these modes
will still disturb the electromagnetic field of the axion mode if they are very close to it in
frequency. Therefore, phase-matched rejected modes will still affect the form factor value
(C) if the frequency separation is excessively low, as it can be seen in section 3.1, where the
limits in which C was considered a good value were established, depending on the quality
factor of a single cavity or 1D multicavity. However, even if these limits are maintained
this method of summing port signals to reject modes can be useful in two ways: mode
identification and quality factor calculation.

As discussed in section 3.2.4, in this PhD thesis it was invented a new technique for the
identification of configuration modes in multicavities with vacuum holes on the top (or
bottom) walls of its subcavities by using metal pins and observing the displacement of the
modes in the response (see Figure 3.56). This method was employed in the 30-subcavities
RADES multicavity demonstrating its usefulness. However, this technique may not be
easily implementable in many situations (especially in the data campaigns). Moreover, it
does not allow the identification of different resonant modes (it identifies only different
configurations for a particular resonant mode). The proposed phase matching method, on
the other hand, facilitate these tasks, as it will be shown.

In section 3.2.4, a method for the extraction of the Ql value in a structure with low
unloaded quality factor, where its computation is quite tricky, was also presented. This
technique is based on the fitting of a two Lorentzian curves sum (see Figure 3.55). In this
sense, the phase matching can be employed as a replacement or auxiliary technique of the
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previous method, as it will be demonstrated.

The use of the phase matching concept has been investigated and employed previously
by some experimental axion teams, like CAST-CAPP [143], for searching axion particles by
multiple single cavities in order to take advantage of the spare space in the magnets [32].
This is accomplished by the combination of the cavity outputs (with only one port in each
haloscope), guaranteeing a phase matching of the axion coherent signal [32].

In the case of this work, the idea proposed consists of the implementation and coherent
combination of several ports matching their signal phases for the same haloscope (single
cavity or multicavity). The first structure analysed is the one from Figure 5.1, an example
based on the destructive interference of several ports in a tall (b = 300 mm) single
multicavity haloscope of N = 2 subcavities with an inductive coupling iris and 4 ports.
The ports are positioned at the centres of the subcavities at top and bottom walls. In

P2

P1

P4

P3

(a)

P4

P1

P2

P3

(b)

(c)

Figure 5.1: Phase matching example based on a tall multicavity with N = 2 subcavities, one in-
ductive iris window and 4 ports: (a) 3D model of the structure employed for the phase
matching example, (b) non-tall model for an easy visualisation of the coaxial antenna
lengths, and (c) Rat-Race devices (scheme with the port numeration and lengths, scheme
depicting its functionality as adder (Σ, in phase) and differencer (∆, 180o out of phase),
and its associated Scattering Parameters). The structures from (a) and (b) show the sym-
metry half of the haloscope (being the dashed region the symmetry plane), and P1, P2,
P3 and P4 depict its port numeration. The characteristic impedance of all the sections in
the Rat-Race device are Z0

√
2 ≈ 70.71 Ω, being Z0 = 50 Ω.

Figure 5.1b it is depicted a non-tall (b = 10.16 mm) version for showing the antenna
lengths (which is not correctly appreciated with the tall dimension in Figure 5.1a). As
it can be seen, the antenna lengths of the first subcavity are equally configured (for the
critically coupled condition), and the antenna ports of the second subcavities the same
(for a very undercoupled scenario). In this case, the phase matching is done to sum with a
destructive interference of the top ports with the bottom ports, this is P1 + P3 and P2 + P4
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of the structure from Figure 5.1a, employing the differencer option (∆) of the a Rat-Race
device (see scheme at the middle of Figure 5.1c), which are usually utilised for the
implementation of this technique [144]. With this, after the destructive interference sum,
the final response would show a 2-port structure, being the first port critically coupled
and the second one very undercoupled, which is the situation pursued for data taking.

The method followed consisted of, firstly, extracting the Scattering Parameters from the
haloscope. For the phase matching, work has been carried out in this PhD thesis with
3 types of haloscopes according to their number of ports: 2 ports, 4 ports and 8 ports,
which generate (in CST simulations or VNA measurements) the .s2p, .s4p and .s8p files,
respectively. Secondly, these files are loaded into the ADS software [145], where the data
is post-processed to perform the summation. The schematic shown in Figure 5.2 has been
implemented using Rat-Races, and it is composed by the following elements:

P2
P3

P4

P1

Figure 5.2: Schematic in ADS for the phase matching of the two top ports with the two bottom
ports of a tall 4-port multicavity based on N = 2 subcavities with an inductive iris as
interresonator coupling (see structure in Figure 5.1a).

• TLINP, a 2-Terminal Physical Transmission Line where, for our case, only the op-
eration frequency ( f ), characteristic impedance (Z) and length (L) parameters are
employed. For our example, f = 8.5 GHz and Z = 70.71 Ω. In addition, L is optim-
ized with the variable Length for a correct rejection of the unwanted modes. In any
case, the value of the length of the lower transmission line in each Rat-Race shall be
three times that of the three upper transmission lines.

• Term, a Port Termination for S-Parameter, used to define the impedance (Z = 50 Ω
in our case) and location of the ports. In this case, the final ports are two: P1 and P2,
as depicted in Figure 5.2.

• R, a Resistor with a resistance value of R employed here to model a matched load of
R = 50 Ω.
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• S4P, a module for importing the Touchstone .sNp1 files. In this case, it is utilised
for .s4p files, this is, for 4-port responses (containing a 4× 4 Scattering Parameter
matrix). In this example, the .s4p file is imported from CST.

• VAR, a component for defining and handling the variables and equations. It this case,
it it employed for the optimization of the transmission line lengths with the variable
Length.

• S-PARAMETERS, an element for the S-Parameter and frequency sweep configura-
tion.

The two lines from the S4P device to the left carry the signals from ports 1 and 3 (coaxial
antennas in the subcavity 1 at the top and bottom, respectively), and are summed (with
destructive interference) by the Rat-Rice on the left. On the other hand, the two lines from
the S4P device to the right carry the signals from ports 2 and 4 (coaxial antennas in the
subcavity 2 at the top and bottom, respectively), and are summed thanks to the Rat-Rice
on the right. Both final signals already summed are connected to terminals Term1 and
Term2. This simulation will therefore provide a 2 × 2 Scattering Parameter matrix. The
ADS simulation results after optimising the Length variable are shown in Figure 5.3. Also,

Figure 5.3: Phase matching results from ADS with the schematic from Figure 5.2. The top picture
depicts the response before the port combination, while the bottom picture represents
the outcomes after the sum.

in Table 5.1 there are listed the configuration modes that appear at the plot of the top

1 This N should not be confused with the number of subcavities. In this PhD thesis, N has been defined as the
number of subcavities in a multicavity. The .sNp files, on the other hand, use this N as the number of ports
employed in a measurement.
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picture from Figure 5.3.

# Freq. (GHz) Resonant mode Configuration Eliminated ?

1 8.509 TE101 [+ +] Not

2 8.523 TE111 [+ +] Yes

3 8.566 TE121 [+ +] Not

4 8.639 TE131 [+ +] Yes

5 8.665 TE101 [+ –] Not

6 8.679 TE111 [+ –] Yes

7 8.722 TE121 [+ –] Not

8 8.74 TE141 [+ +] Not

9 8.793 TE131 [+ –] Yes

10 8.866 TE151 [+ +] Yes

11 8.892 TE141 [+ –] Not

Table 5.1: Configuration modes shown in the first plot of Figure 5.3. The configuration modes that
are rejected thanks to the phase matching are detailed.

As it can be seen in the plot of the bottom picture from Figure 5.3, the second,
fourth, sixth, ninth and tenth resonances have been eliminated. From Table 5.1, it can be
concluded that these eliminated resonances correspond to the resonant modes with odd
variation in height (i.e. TEmnp modes with n odd) for both configurations: [+ +] and [+ –].
To explain this phenomenon, the orientation of the ports in the structure from Figure 5.1a
and the fact that the Rat-Races are working in its differentiating mode must be taken
into account. Indeed, top and bottom ports are oriented 180o opposite each other, so the
electric field collected by the bottom ports, for any resonant mode, will be phase shifted
by 180o with respect to the top ports. For TEmnp modes with n even (TE101, TE121, ...), the
electric field lines in the top port section have the same orientation as the coaxial antenna,
but the bottom ports are oriented 180o (180o phase shift of the signal collected by these
ports). However, for TEmnp modes with n odd (TE111, TE131, ...), both ports pick up the
signals without phase shift, since the E-field orientation will be the same as that of the
ports. With this, considering the ∆ operation of the Rat-Races (180o phase shift to top or
bottom ports), the total phase shifts between top and bottom port signals are 0o (in phase
or constructive interference) and 180o (destructive interference) in TEmnp modes with n
even and odd, respectively.

The axion mode is located at the first resonance ( f = 8.509 GHz) since the structure is
based on an all-inductive multicavity design. Then, with the phase matching technique it
has been demonstrated that the mode separation parameter rises from ∆ f = 14 MHz to
57 MHz, as it is indicated in Figure 5.3. This mode separation enhancement (×4 factor)
is similar to the one obtained with transmission zeros in the 2D structures detailed in
section 3.1.3 (×3.3 factor). A way to eliminate the next resonance (the TE121 resonant
mode), and further increasing the mode separation, would be to position the ports in
the region with 0-level electric field for that mode. To achieve this, the ports should be
positioned at 1/3 and 2/3 of the total height along the sidewall. On the other hand, in
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order to obtain a good coupling with the axion mode (TE101 resonant mode), loops (see
Figure 3.28c) should be used instead of straight coaxial ports. Several investigations are
being carried out in this line, obtaining good preliminary results. The development and
analysis of this research is reserved as a future line of this work.

Another of the studies developed in this PhD thesis was to reject configuration modes in
a multicavity, which must be done by summing ports from different subcavities. To carry
out this study, the structure of Figure 5.1b has been used adding the ports of the subcavity
1 with those of the subcavity 2. In order to perform a destructive interference of the signals,
the phase matching P1 + P4 and P2 + P3 has been performed. Adjusting the phases, the
summations P1 + P2 and P3 + P4 could also be performed. Wilkinson power divider
devices operating as combiners [146] could also be employed for this phase matching. The
ADS results before and after the phase matching with this configuration are depicted in
Figure 5.4. As it can be seen, the second mode ([+ –] configuration mode of the TE101 reson-

Figure 5.4: ADS results for the P1 + P4 and P2 + P3 phase matching of the structure from Fig-
ure 5.1b. The light blue and pink lines show the S11 and S21 parameters before the
phase matching, respectively, while the dark blue and red lines depict the S11 and S21
results after it.

ant mode) has been eliminated from the response, leaving alone the axion mode resonance.

The following study consisted of the elimination of three of the four configuration
modes (to isolate the axion mode) of a non-tall all-inductive multicavity based on
N = 4 subcavities, with one coaxial port positioned in each of the subcavities top walls.
The topology of the phase matching for this scenario is depicted in Figure 5.5a. The
configurations for the TE101 resonant mode of this multicavity are: [+ + + +], [+ + – –],
[+ – – +] and [+ – + –]. Conducting a first simulation in ADS with a similar schematic
used previously with Rat-Races (see Figure 5.2), but combining now [P1 + P2] + [P3 +
P4] with a third Rat-Race, it was obtained that only the second and fourth configuration
modes (which are the ones with odd symmetry) were eliminated. It was concluded that
the third eigenmode was not canceled due to the presence of the k23 coupling, this is, the
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Figure 5.5: Topologies of different phase matching examples: (a) 4 ports of a 4-subcavities multicav-
ity with ports at top walls, (b) 8 ports of a 8-subcavities multicavity with ports at top
walls, and (c) 8 ports of a 4-subcavities multicavity with ports at top and bottom walls.
The black dots with the numbers depict the subcavities.

interresonator coupling between subcavities number 2 and 3. To reject also this resonance,
an extra transmission line was implemented to the cables carrying the signal of the first
and last subcavity ports, whose length was used as an optimisation parameter. This
resulted in a clean band with only the axion mode. It is important to note that, after
adding up all the ports, only one Scattering Parameter is present, the S11 (as it is shown
in all the examples from Figure 5.5), with which both the β and the loaded quality factor
Ql can be extracted, as it was explained in the subsection 3.2.1.5.

To perform phase matching in order to eliminate all the configuration modes but the
axion one ([+ + + ... +]) in a N > 4 subcavity multicavity, with all ports on each of its
top walls, more than one optimisation transmission line must be used. For example, in a
N = 8 subcavities multicavity with 8 ports on the top walls (see topology in Figure 5.5b),
7 Rat-Races (for the port combination [[P1 + P2] + [P3 + P4]] + [[P5 + P6] + [P7 + P8]]) and
3 different optimisers (one in the signals of the subcavities 2 and 7, one in the subcavities
3 and 6, and one in the subcavities 4 and 5) must be implemented2. As it can be seen,
the complexity of the port combination system increases rapidly with the number of
subcavities N. However, in a practical application, it will not be necessary to eliminate
all configuration modes, but only those that are closer to the axion mode, which will
facilitate the implementation of this technique. Further studies are being carried out in
this direction to implement other topologies of interest.

As a proof of concept on a real haloscope, a high (b = 300 mm) all-inductive structure
based on 4 subcavities with 8 ports (4 top and 4 bottom) has been designed, simulated,
fabricated and measured in this PhD thesis. This prototype was previously analysed in
section 3.1.2.2 (see Figure 3.17), where it was demonstrated the possibility of increasing

2 In this case, an 8-way power divider operating as combiner could be employed for the direct combination
of the 8 ports (without Rat-Races). However, a phase shifter would be necessary at each port signal for the
optimization of the phase matching process.
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the height of a multicavity (in order to increase the volume parameter, which is very
important for a good axion detection sensitivity), obtaining excellent results in terms of
form factor, quality factor and mode separation. In this section it is analysed its other
great feature: the use of its ports to perform phase matching increasing the parameter
∆ f . In this case, the idea to be tested is the sum of all the port signals (as depicted in the
topology shown in Figure 5.5c) for the rejection of the unwanted configuration modes
of the resonant modes TEmnp with any n. This is possible thanks to the position of the
coaxial antennas (at all the subcavities and at top / bottom walls).

Since our laboratory did not have an 8-port VNA (for the production of a .s8p file),
a collection of measurements had to be made with the available VNAs to generate the
8 × 8 Scattering Parameter matrix of this 8-port structure. To build this matrix with a
2-port VNA (.s2p files), 28 measurements had to be made combining the ports in the
following way: (1, 2), (1, 3), (1, 4), (1, 5), (1, 6), (1, 7), (1, 8), (2, 3), (2, 4), (2, 5), (2, 6),
(2, 7), (2, 8), (3, 4), (3, 5), (3, 6), (3, 7), (3, 8), (4, 5), (4, 6), (4, 7), (4, 8), (5, 6), (5, 7), (5,
8), (6, 7), (6, 8), and (7, 8). Also, as a cross-check validation, it was employed a 4-port
VNA (.s4p files) with which only 6 measurements are necessary for the construction of
the 8 × 8 matrix, using the following port combinations: (1, 2, 3, 4), (1, 2, 5, 6), (1, 2,
7, 8), (3, 4, 5, 6), (3, 4, 7, 8), and (5, 6, 7, 8). It is important to note that ports that are
not used in the 8× 8 matrix construction measurements must be matched with a 50 Ω
load. For this purpose, seven ANNE-50+ loads (from Minicircuits [147]) were bought and
employed. In Figure 5.6 it is shown one of the measurements with the 4-port VNA. Once

Figure 5.6: One of the measurements (the (1, 2, 5, 6) port combination) with the 4-port VNA of the
all-inductive tall multicavity of 4 subcavities for the construction of the 8× 8 Scattering
Parameter matrix.

these measurements were taken (.s2p files with the 2-port VNA and .s4p files with the
4-port VNA), they were imported to MATLAB for the appropriate combination and fi-
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nal production of the .s8p file. It was checked that both VNA measurements agree very well.

This .s8p file was then imported into ADS in a schematic similar to Figure 5.2, but
adapted for 8-port phase combination by incorporating various optimisation sections, as
discussed above. In Figure 5.7, the results from simulations (in CST), measurements (using
the VNA) and post-processing (in ADS) with phase matching are shown. As it can be seen,

Figure 5.7: Results of the tall multicavity based on 4 subcavities and 3 inductive irises before and
after the phase matching. The blue, red and yellow lines represent the CST simulation,
VNA measurements and ADS phase matching results from measurements, respectively.
The numbers on the plot depict the resonance numeration in order of appearance. The
dark rectangles represent a high mode mixing region, where resonances are difficult to
distinguish due to its frequency proximity.

the similarity between the simulation (blue line) and measurement (red line) results is high.

Analysing with simulations the electric field pattern of the enumerated resonances, it
has been extracted the Table 5.2, where they are identified with each configuration mode
of the structure. The results of phase matching in ADS show that most resonances have
been successfully rejected. Thus, the mode separation parameter is significantly increased.
Even more modes could be eliminated if necessary by fine tuning the optimisation section
implemented in the schematic, as depicted in Table 5.2. It is important to note that the
response shown in Figure 5.7 (yellow line) has a level of S11 not appropriate for an axion
data taking, as this parameter must be minimal to obtain the critically coupled case. This
poor parameter level also explains why the plot of this figure is represented in linear
(instead of in dB) for an easy visualisation of the mode positions. A good S11 level could
be achieved with a fine tuning by means of a length sweep on the coaxial antennas used
by the fabricated prototype. Several investigations are being carried out in these directions,
reserved as future lines of this work. In any case, the results shown in this work serve as
a preliminary validation of the phase matching technique in large volume multicavities.

As it has been shown, even if complex phase matching systems are used, the resonance
that will always establish the mode separation in a tall multicavity, if no mode crossing
tuning systems or mode cancelling loops are implemented, will be that of the configura-
tion mode type in the third row of Table 5.2, i.e. the configuration [+ + + ... +] of the TE121

resonant mode. Therefore, in a practical application for this case, it would in principle
only be necessary to cancel the resonance of the second row of this table, i.e. the [+ +
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# Freq. (GHz) Resonant mode Configuration Eliminated ?

1 8.2271 TE101 [+ + + +] Not

2 8.2411 TE111 [+ + + +] Yes

3 8.2879 TE121 [+ + + +] Not

4 8.3385 TE101 [+ + – –] Yes

5 8.352 TE111 [+ + – –] Yes

6 8.3635 TE131 [+ + + +] Yes

7 8.3978 TE121 [+ + – –] Yes

8/9/10 ∼8.466 TE141 [+ + + +] Not

8/9/10 ∼8.466 TE131 [+ + – –] Yes

8/9/10 ∼8.466 TE101 [+ – – +] Not (Opt)

11 8.4817 TE111 [+ – – +] Yes

12 8.5265 TE121 [+ – – +] Not (Opt)

13 8.5565 TE101 [+ – + –] Yes

14 8.5695 TE111 [+ – + –] Yes

15 8.5756 TE141 [+ + – –] Yes

16/17 ∼8.6 TE151 [+ + + +] Yes

16/17 ∼8.6 TE131 [+ – – +] Yes

18 8.6144 TE121 [+ – + –] Yes

19 8.6871 TE131 [+ – + –] Yes

20 8.701 TE141 [+ – – +] Not (Opt)

Table 5.2: Configuration modes shown in Figure 5.7. There are detailed the configuration modes
that are rejected thanks to the phase matching. "(Opt)" represents that the rejection of that
configuration mode is possible with an extra optimization.

+ +] configuration of the TE111 mode. For such purpose, it would only be necessary to
combine, for example, the top port with the bottom port of the first subcavity. This has
been carried out in practice obtaining the results shown in Figure 5.8, where this time
much more appropriate reflection levels for the search of axion dark matter particles have
been obtained. This external coupling value (S11 level) has been obtained following the

Figure 5.8: Results of the tall multicavity before and after the phase matching combining the top
and bottom ports of the first subcavity. The blue and red lines represent the VNA meas-
urement and ADS phase matching results, respectively.

procedure described in Appendix II: Critical coupling combining 2 ports. As this plot
demonstrates, the mode separation has been increased from ∆ f = 14 to 61 MHz, which is
an enhancement (×4.4 factor) similar to the one obtained in the phase combination from
Figure 5.3 with a tall 2-subcavities multicavity.
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Another future line that has emerged from this PhD thesis is to apply the studies
presented in this section in a prototype with more and higher subcavities (e.g. a multicav-
ity design with N = 40 subcavities and a height of b = 600 mm, which could fit in the
bore of the BabyIAXO magnet).

Finally, this work has led to the study of a new design technique, which is still under de-
velopment, based on the use of pyramidal waveguide transitions (with a geometry similar
to that of horn antennas) in order not to excite resonant modes in height in tall haloscopes
(see example in Figure 5.9). With this method, the responses of our axion detectors would

Figure 5.9: Example of a horn waveguide transition employed in an all-inductive 5-subcavities mul-
ticavity. There is depicted only the half of the structure housing.

only show TEm0p resonant modes, so that the height could be increased, ideally (since
there may be inaccuracies, due to machining tolerances, for example) as much as desired.
This technique has been explored in [148]. Also, the use of ferroelectric KTO elements as
interresonator couplings (instead of iris windows) with these pyramidal transitions is un-
derstudy. Unlike inductive irises, KTOs could serve to excite only TE10p modes in addition
to adjust the interresonator coupling by changing their permittivity values with voltage
or temperature. This is in theory possible because they would be embedded inside the
housing of the haloscope in a homogeneous way on the cross section.

5.2 additional haloscope investigations

Although to a lesser extent, this PhD thesis has analysed some secondary aspects for the
advancement of RADES haloscopes in various topics, which are described below.

5.2.1 Qubits

In the framework of the RADES group, studies have also been carried out on the imple-
mentation of QuBits devices in haloscopes to reduce the noise temperature of the system.
As equation 2.10 shows, this is a key parameter for increasing the detection sensitivity of
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the axion.

A QuBit or quantum bit is a quantum system with two possible states that can be
arbitrarily manipulated [149]. It can only be correctly described by quantum mechanics,
and only has two states that are well distinguishable by physical measurements. Modern
dark matter detectors operating at microwave frequencies employ a resonant cavity to
coherently collect the field generated by dark matter and a linear amplifier close to the
standard quantum limit to read out the cavity signal. Reducing the detection level below
these standard quantum limits, the boosting of the sensitivity to the dark matter signal
is possible. In reference [91] the creation of a revolutionary microwave photon counting
technology is presented, where more details of the operation of these devices can be found.
In order to apply these methods to haloscope designs, the RADES team is conducting some
research along these lines.

As a preliminary investigation the RADES group is studying how to couple a QuBit with
resonant cavities in a setup of 2 subcavities coupled in height using a QuBit chip within
a small iris window, which operates at 8.5 GHz. The first idea was to characterise several
parameters (resistance, frequency, relaxation time, and so on), observing the effect of the
QuBit in the cavity system. The final purpose is to read the photon content of the bottom
cavity with the upper one through the QuBit. The design and fabrication of this setup
was realised in this PhD thesis. Figure 5.10a shows the 3D model of this structure. As it

(a) (b)

Figure 5.10: Setup based on 2 resonant cavities coupled by a QuBit to test its behaviour: (a) 3D
model, and (b) prototype manufactured in aluminum. The upper cavity, where the
coaxial ports are located, is used as readout and control. In (a) several zooms are
applied to show more details. (b) taken from RADES.

is depicted, the QuBit device is based on two rectangular aluminum plates orientated on
the chip (Silicon substrate) side by side united in the middle by a Josephson junction (two
small metallic plates), which acts as a non-linear LC resonator (with the inductor being
the non-linear component) [150]. It is positioned in the centres of the cavities, maximizing
the coupling between the QuBit and the upper cavity, employed for readout and control.
The resonant frequency of the TE101 mode (the operational resonant mode) for the bottom
cavity is fr = 8.5 GHz, which should be far away enough (∆ = | fr − fq|), from the QuBit
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|0〉 to |1〉 transition frequency ( fq). It is desired that these detuning values ∆ because the
goal is to run the system in the dispersive limit (∆ � g/2π), being g the QuBit coupling
to the cavity [150, 151]. The QuBit introduces a state-dependent shift on the cavity in this
dispersive limit, which is the foundation of the readout process [150, 152]. In Figure 5.10b
a picture of the manufactured prototype (in aluminum material) for the designed setup
is shown. Also, alternative setup versions employing copper material have been manu-
factured for further investigations. At the time of publication of this PhD thesis, various
measurements are being taken to analyse their electrical behaviour.

5.2.2 Haloscope designs at other frequency bands

As it is shown in section 2.2, there is a wide frequency spectrum still unexplored by the
axion community (see Figure 2.5). In this line, the RADES group, whose haloscopes work
mostly at frequencies within the X-band, has carried out diverse research to design de-
tectors to search for axions in the UHF and W frequency bands. The accessibility to other
magnets (apart from the CAST magnet, used during the first stage of this experimental
group) with different geometries and volumes, like the BabyIAXO [59] and Canfranc [96]
magnets, has allowed the development of this type of haloscopes.

5.2.2.1 UHF-band

As mentioned in previous chapters, the BabyIAXO dipole magnet design has relatively
large dimensions, 600 mm in diameter and 10 m in length. Furthermore, from the
equation 2.17 it can be easily extracted that the larger the cavity, the lower the resonance
frequency. With these two premises, the design of a haloscope of 5 m total length based
on the concept of the multicavity with twelve cylindrical subcavities coupled by eleven
elliptical inductive irises, operating at ∼ 347 MHz (UHF-band), has been carried out. It
makes great use of the volume of the BabyIAXO magnet. Figure 5.11 shows a 3D model
of this structure.

Figure 5.11: 3D model of the UHF-band haloscope design based on twelve subcavities connected
by eleven elliptical window irises, employing a frequency tuning system with mechan-
ical rotation of inner plates in longitudinal axis. Horizontal rods are positioned at the
middle in length at each subcavity for rejecting a unwanted mode.

The resonant mode used to search for axions with this haloscope is the TE111, since
it is the one that is most similar to the static magnetic field profile produced by this
magnet [59]. The results obtained in this design are: volume of V = 1296 L, unloaded
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quality factor of Q0 = 3.16 × 105, and form factor of C = 0.69. As it can be seen in
Figure 5.11, a frequency tuning system has been applied based on the mechanical rotation
of inner plates in longitudinal axis. A frequency tuning range of [324 − 347] MHz has
been achieved with this system. The variation in the form factor and quality factor
throughout the tuning range are: [0.21− 0.69] and [1.8× 105− 3.16× 105], respectively. On
the other hand, studies applying a loop coaxial port (see Figure 3.28c) to this haloscope
has been realised. Because the coupling via a loop antenna is dependent on the magnetic
flux through the loop, rotating the loop allows for modification of that input / output
coupling. As a result, whether the tuning process results in overcoupled or undercoupled
circumstances, it has a degree of freedom to achieve critical coupling again.

Other designs are being investigated for the development of UHF structures with more
subcavities and the application of 2D and 3D topologies.

5.2.2.2 W-band

As discussed in Chapter 3, solenoid magnets create a static magnetic field that is constant
and parallel to the magnet axis. To optimise C, an electromagnetic mode with an electric
field parallel to the magnetic field must be used. For this reason, the haloscope should be
orientated in the appropriate axis for high axion detection sensitivity. As it can be seen
in section 3.1, solenoids tend to have a higher magnetic field but significantly smaller
dimensions. Therefore, the design of structures working at high frequencies such as
90 GHz (W-band) will be a good choice for these magnets as the dimensions of the
cavities are much smaller (see equation 2.17). Furthermore, as it is shown in Figure 2.5,
this frequency band is much less explored, so the development of haloscopes at these
frequencies will be of great interest to the axion community. Along these lines, the
structures shown in Figure 5.12 are under studied to be designed and to be used in the
Canfranc solenoid (at the Laboratorio Subterráneo de Canfranc [96]), which is based on a
bore of diameter φ = 130 mm, and length L = 150 mm with a static magnetic field of
Be = 10 T (see Table 3.1).

The main disadvantage of working at high frequencies is the low volume achieved by
the cavities and the reduction of the quality factor. Smaller manufacturing tolerances are as
well necessary and critical. In addition, the input / output coupling at W-band should be
realised thru waveguide irises (not straight or loop coaxials) due to size incompatibilities.
On the other hand, 2D shapes could be applied to these structures in order to apply
transmission zeros by cross-coupling, also increasing the volume.

5.2.3 HTS structures

Because the figure of merit of our detector is linearly related to the quality factor of the
cavity, the RADES group has investigated the feasibility of coating the haloscope structures
with superconducting materials instead of copper. With this purpose, the unloaded
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(a)

(b)

(c)

Figure 5.12: 3D models of the W-band haloscopes under study for its design. All the designs are
based on the multicavity concept employing an all-inductive topology: two multicavit-
ies with the standard WR-10 (a = 2.54 mm and b = 1.27 mm) using (a) N = 5 subcavit-
ies and (b) N = 35 subcavities, and (c) tall N = 20 subcavities with width a = 2.54 mm
and height b = 150 mm.

quality factor would raise thanks to the detriment of the surface resistance (or increase of
the electrical conductivity at the cavity walls). In this line, the RADES team has designed
and manufactured four test single cavities (without the multicavity concept) based on the
quasi-cylindrical model depicted in Figure 5.13.

These resonant cavities has been coated with two different superconducting materials:
REBa2Cu3O7 (or REBCO) [153], and Nb3Sn [154], obtaining higher quality factor values
compared to the case with copper coating. These materials have been selected because the
experiment will runs in magnetic fields of 11 T or higher, so superconductors with high
critical magnetic fields are required. The designed microwave cavities resonate at roughly
9 GHz with a shape optimised for superconducting coating and to fit within the bore of
the SM18 magnet [90]. These structures were tested under high magnetic fields at 4.2 K.
More details about these designs can be found in [90] and in the PhD thesis of Jessica
Golm. In addition, a data taking has been carried out recently with a HTS haloscope by
the RADES team in the SM18 magnet, whose physics results are being analysed (on going
activity).
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Figure 5.13: 3D model of the HTS haloscope design based on a quasi-cylindrical single cavity op-
erating at 9 GHz. The technical drawings for the manufacturing of this prototype are
depicted in Appendix I: Technical Drawings (see Figures A.12 and A.13).

5.2.4 BI-RME 3D

Also, the RADES team has been making an effort to implement the Boundary Integral-
Resonant Mode Expansion (BI-RME) 3D method to the study of dark matter axions. With
this technique, the EM coupling axion-photon in a microwave resonant cavity has been
revisited. This full-wave modal approach was used for a thorough examination of the
axion field excitation inside a microwave cavity. The EM field created by the axion-photon
interaction may be expected to be driven by electrical charge and current axion densities
in this case. These current densities have been included into the expressions of the BI-RME

3D method, representing the RF EM field within a cavity as an integral incorporating the
cavity Dyadic Green’s functions (under Coulomb gauge) and such densities. Any arbitrary
spatial and temporal variation in the magnitude and phase field of the axion may be
accounted by this approach.

Then, a basic network driven by the source of the axion current has been achieved.
This current illustrates the coupling between the field of the axion and the modes of the
resonant cavity. Employing this technique, the extracted and dissipated RF power can
be computed as a function of frequency over a wide frequency range without using the
Cauchy-Lorentz approximation. With this, it has been accomplished the spectrum of the
EM field generated in the cavity, considering modes close to the axion one. Therefore, a
comprehensive information of the cavity signal (in amplitude and in phase) is obtained
using this approach. This might be an interesting subject for future research if the axion
phase is a key parameter.

One of the most significant advantages of this approach is that it provides a precise fre-
quency response throughout a broader frequency range rather than simply at the resonant
frequency. To replicate the frequency response near the resonance it is not necessary to
apply the Cauchy-Lorentz approximation (like for the traditional method). In addition, it
permits the derivation of an expression indicating that the response to each resonance is
influenced not only by that resonance but also by the others: there is a coupling between
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all the resonances. This indicates that the axion might excite more than one resonance be-
cause they are all interconnected. When resonances are sufficiently apart, overlapping is
minor; nevertheless, it is critical when the resonances are close (mode mixing issue). The
traditional technique does not take resonance couplings into consideration. More details
about the BI-RME 3D method can be found in [81] and in the PhD thesis of Pablo Nav-
arro Martínez. The present formulation can be extended to the analysis of arbitrary shape
dielectric and magnetic elements in the axion-photon coupling domain, which is under
study.

5.3 conclusions

Other investigations for enhancing the haloscope designs of the RADES group have been
explored in this chapter. In the first section, a comprehensive novel technique for rejecting
unwanted modes developed in this PhD thesis, has been presented. This method, which
is based on the combination of several ports in a single haloscope by phase-matching,
has been tested with simulations and with experimental prototypes, giving satisfactory
results. The study of this approach has opened up several lines of research to develop this
concept further.

Additionally, in the second section of this chapter, additional investigations carried out
by the RADES team and this PhD thesis has been shown. Firstly, it has been mentioned the
possibility of implementing QuBits elements in the haloscopes developed by this group
in order to reduce the temperature of the system (thus increasing the figure of merit of
detection). Then, some of the haloscope designs being developed at frequencies different
from those used in this work (UHF and W bands) are shown. Next, the studies that are
being carried out to improve the unloaded quality factor of dark matter detectors through
the implementation of superconducting materials have been described. These materials
substantially increase the electrical conductivity of the cavities, and thus the detector per-
formance. Finally, an efficient analysis has been presented to analytically characterise the
axion field behaviour inside a resonant cavity by means of the BI-RME 3D method.
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6
R F B A N D PA S S F I LT E R S F O R S AT E L L I T E
C O M M U N I C AT I O N S

As it is introduced in 2.5, the development of RF waveguide filters for applications
related with the satellite communication field has emerged as a spin-off of the multicavity
haloscope designs, which are originally employed for the detection of dark matter axion
particles in the fields of the cosmology and astroparticle physics. The investigations of
the filters from this section has been carried out in order to contribute to the scientific
community with new radio frequency components that can be used to improve the RF

payloads of future communication satellites.

In section 6.1, this PhD thesis adds to the scientific field of AM waveguide filter produc-
tion by demonstrating how evanescent mode filter designs may be fabricated utilising 3D
printing methods. The main target of this work is to complement and expand the studies
carried out in [155] about 3D printed evanescent mode filters produced from dielectric
materials (usually employed in AM techniques) that can be produced quickly and cheaply.
Improvements have been applied to these prototypes through the use of tuning screws,
which are commonly used in in the tuning process of waveguide filters [74].

On the other hand, in section 6.2, it is presented the studies carried out to apply the ideas
of the alternating (see Figure 2.17) [80] and 2D (see section 3.1.3) topologies of haloscope
designs in the design of RF bandpass filters for satellite communication applications. The
objective of this work is to optimize the final volume, weight and footprint of the filters,
thus reducing the total cost of the launch where they can be embarked.

6.1 evanescent filter with air holes

6.1.1 Introduction

One of the most significant efforts in the microwave engineering sector is the creation of
filters in waveguide technology [156]. In reality, waveguide filters are utilised in the input
/ output stages of many systems, both in space and on the ground, where the use of low
loss materials and high power handling are key criteria [74]. Moreover, several physical
limitations such as low volume and tiny footprint in the structures are also necessary.
Additionally, the most prevalent method of manufacturing microwave filters in waveguide

170



technology is by Computer Numerical Control (CNC) machining, which has also been
employed in the production of the haloscopes studied in this PhD thesis. Regrettably,
CNC machining processes have constraints when it comes to producing some complicated
geometries [157].

Therefore, developing AM methods are becoming highly appealing for producing
innovative passive filters with complex geometries [158, 159], and other RF devices [160,
161]. Complex structures may, indeed, be made fairly quickly using AM methods [162].
Utilizing thermoplastic elements, for example, and then metallizing (like the copper coat-
ing technique employed for the haloscopes studied in previous chapters) the components,
the filter structure mass may drastically be lowered [163]. The walls of the structures
studied in [164] are metallized employing an automated deposition procedure of silver ink
for a high conductivity. In [165] authors employ a more sophisticated approach, in which
air passages are incorporated into the plastic walls, which are subsequently loaded with
a liquid metal. It is also worth noting that [164] utilised a similar technique to develop a
waveguide switch, whose performance is accomplished by pumping liquid metal in and
out of tubes based on plastic materials. Moreover, careful adjustment of the geometry of
conventional implementations can greatly minimise the Insertion Loss (IL) parameter of
the filter devices [166]. Some scientists have attempted direct geometrical alterations on
the cavities, employing rounded forms, resulting in novel resonators with much improved
unloaded quality factors. The spherical resonators proposed in [167, 168], or the utilisation
of sophisticated rounded forms described in [169] are also interesting studies in this
approach.

The use of dielectric resonators in the context of AM has also been investigated in the
past few years. Several Fused Deposition Modeling (FDM) or StereoLithogrAphy (SLA)
AM printers available on the market employ some thermoplastics and ceramic elements
with good dielectric performances (such as low loss tangent) [170, 171]. Many ways for
incorporating 3D printed dielectrics into a waveguide filter prototype have also been
considered. The work [172] provides an intriguing study, in which a dielectric resonator
based on alumina with tan δ < 2× 10−3 and εr ≈ 10 operating with a TM mode is utilised
to directly print a multicavity filter with N = 2 subcavities. After the housing manufac-
turing by AM techniques, the exterior sides are metallized to form the structure lateral
sections. The structure provides low losses, but with modest frequency deviations due
to the tolerances of the 3D printing. Another option is to make the dielectric resonators
out of a single plastic piece and fix them into the housing with the metallic elements of
the coupling irises. This method is shown in [173], where plastic bars are employed for
the printing of the dielectric resonators using an in-line topology, and in [174], with more
sophisticated techniques for interresonator couplings.

In this regard, in this work it has been addressed the design of the evanescent mode
filter designs shown in Figure 6.1: a straight version and an horizontal folding version.
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The latter reduces the footprint in the longitudinal direction (z−axis) and uses a more
rectangular surface than the straight filter. In addition, it has been studied how to enhance
the response of these filters (fabricated utilising 3D printing methods in [155]) by the use
of tuning screws. In [141, 175], a comparable collection of evanescent filter topologies is

(a) (b)

(c) (d)

Figure 6.1: 2D sketches ((a) and (b)) and manufactured pictures ((c) and (d)) of the investigated
evanescent mode filters based on two different multicavity topologies: straight with
N = 5 subcavities ((a) and (c)), and horizontally folded (2D) with N = 4 subcavities ((b)
and (d)). The technical drawings for the manufacturing of these prototype are depicted
in Appendix I: Technical Drawings (see Figures A.14, A.15, A.16 and A.17 for the straight
filter, and Figures A.18, A.19, A.20 and A.21 for the folded filter).

investigated in Substrate Integrated Waveguide (SIW) technology. The prototypes studied
in this PhD thesis are based on commercial AM dielectric materials for an inexpensively
production. The filter designs of this study integrate AM components for the dielectric
elements with traditional aluminium CNC machining for the housing, resulting in an
hybrid production technique. Using this method, the metallic sections of the structures are
kept basic, while complicated shapes for the dielectric elements may be easily fabricated.
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The dielectric components described in this study are realised with a cheap plastic
commercially available in [176], the ABSplus material from Stratasys, which has a permit-
tivity value of εr = 2.55. This material is nowadays accessible in low-cost 3D printers. The
first structure presented (see Figures 6.1a and 6.1c) is a rectangular multicavity filter of
N = 5 subcavities with a decreased width section (compared to the standard WR-229,
which employs a = 58.166 mm) filled with the ABSplus dielectric, with interresonator and
input / output couplings made of elliptical air holes. The second filter (see Figures 6.1b
and 6.1d) is based on the same concept but folded horizontally and employing N = 4 sub-
cavities.

It should be noted that the suggested structures are referred to as evanescent mode
waveguide filters since the frequency of the operating mode, the TE10, would be under
its cut-off frequency at the waveguide section with reduced width (aev) if the ABSplus
were not introduced. This mode can be propagated when the dielectric material is placed
inside this section thanks to the higher permittivity value and its influence on the cut-off
frequency. As a result, the structure resonators are generated by dielectric-filled patches
within this waveguide section of decreased width. The TE10 mode, on the other hand,
cannot propagated at the air holes contained inside this evanescent section. As a result,
such air areas are utilised as coupling elements.

The 3D printed plastic elements were created employing a Fused Deposition Model-
ing (FDM) 3D printer in the UPCT. In contrast, the aluminium cases were created utilising
CNC machining at Mecanizados JJ Celdran S.L.U., Cartagena, Spain [112]. This technique
provides a quick and low-cost filter production, albeit the combination of AM for plastic
and CNC for the housing provides a penalty of slightly increased insertion losses. This
research also demonstrates another advantage of this hybrid production technique. Spe-
cifically, using the same exterior aluminium housing, various filters with varying transfer
functions may be simply implemented. All that is required is the 3D printing of new
dielectric pieces. Using this strategy, just one common metallic case is produced using
CNC machining processes, resulting in significant flexibility by making various low cost
plastic components to obtain diverse transfer functions.

6.1.2 Bandpass filters design

Two Chebyshev filters (composed of 4 and 5 resonators) with a Return Loss (RL) of
RL = 21 dB were utilised in this study to show the hybrid production technique. The
filters were constructed in the C-band, operating at fc = 3.68 GHz, being fc the central
frequency, and utilising a bandwidth of BW = 120 MHz (this is, a fractional bandwidth
of FBW ≈ 3.2%). For simplicity, the filters are constructed using an in-line topology, as no
interresonator cross-couplings are implemented. It should be noted, nevertheless, that this
type of coupling could be added at the folded design just by opening (with CNC machin-
ing, for example) an iris window between the first and last subcavities, similarly to the
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2D haloscope manufactured in this PhD thesis (see Figures 3.20 and 3.21). As mentioned
in previous chapters, the use of the coupling matrix is very common in waveguide filter
design. In this case, the coupling matrices used for the straight and folded structures are
as follows:

MStraight
N+2 =


0 1.0137 0 0 0 0 0

1.0137 0 0.8653 0 0 0 0
0 0.8653 0 0.6357 0 0 0
0 0 0.6357 0 0.6357 0 0
0 0 0 0.6357 0 0.8653 0
0 0 0 0 0.8653 0 1.0137
0 0 0 0 0 1.0137 0

 (6.1)

MFolded
N+2 =

 0 1.0587 0 0 0 0
1.0587 0 0.9348 0 0 0

0 0.9348 0 0.7131 0 0
0 0 0.7131 0 0.9348 0
0 0 0 0.9348 0 1.0587
0 0 0 0 1.0587 0

 . (6.2)

It is important to note here that, unlike the coupling matrices used for the design of
multicavity haloscopes, in the study of communications filters the coupling matrices
are usually based on sizes (N + 2)× (N + 2) in order to take into account the coupling
between the input port with resonator 1, and the output port with the last resonator
(the input and output couplings). This is because such couplings are used as a design
parameter (in this case, for the bandwidth specification of the filter response). In axion
multicavities, these couplings were directly parameterised by the variable β which, as
seen in previous chapters, should be as close to unity as possible. On the other hand, it
should be noted that in the design of haloscopes, capacitive couplings were said to give
positive signs, whereas inductive couplings were said to give negative signs. However, as
can be seen in equations 6.1 and 6.2, in the design of bandpass filters for communication
applications the capacitive and inductive couplings give negative and positive signs,
respectively, and this is the way in which these couplings are typically used in the
microwave community [74].

Figure 6.1 shows 2D drawings of the suggested filters. For the input / output ports a
standard WR-229 was employed, which is based on a waveguide cross section of width
and height a = 58.166 mm and b = 29.083 mm, respectively. Both filters are made out of
a dielectric component inserted inside an evanescent waveguide section with a sequence
of elliptical air holes. The TE10 mode, which can propagate in the evanescent section
once the dielectric is introduced, is employed in these filters. The elliptical air sections,
where the cut-off frequency of this mode is above the operation frequency, are utilised
as interresonator coupling components. Then, higher order modes are not propagated
close to the operating frequency thanks to the reduce width section where the dielectric
elements are located. The dielectric areas between between air holes (see li in Figures 6.1a
and 6.1b) determine each subcavity resonant frequency. The shape of the air holes are
based on elliptical cylinders, and their size (see ri and wi in Figures 6.1a and 6.1b) is
employed to adjust the interresonator and input / output couplings. As a result, six air
holes are necessary for the design of the first filter with N = 5 subcavities. For the second
filter, with N = 4 subcavities, only 4 air holes are needed since an iris window is utilised
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to couple resonators 2 and 3, at the folding section. The size of the first and last air holes
controls the input / output couplings in these configurations. The step discontinuity
required to create the evanescent waveguide section of width aev, on the other hand, have
an impact on this coupling.

The dielectric component in both filters is longer than the waveguide section (lev in the
straight structure), as seen in Figure 6.1. The supplementary length (ld) helps the dielectric
component to align with the aluminum housing. It was also confirmed that the additional
dielectric portion aids in increasing the filter input / output coupling value. The additional
length ld value cannot, however, be extremely high since this section may become resonant
owing to the establishment of an air / dielectric discontinuity (a trade-off is imposed here).

It should be noted that the cylinders in both constructions illustrated in Fig. 6.1 are
elliptical in form, and the radius along the x−axis has been set to rx = 14 mm. With an
evanescent waveguide width of aav = 30 mm, this ensures a gap of 1 mm between the side
walls of the waveguide and each hole. On the other hand, the folded filter implements 90o

waveguide bends added to its input / output ports (see Figure 6.1d). These newly added
sections are air filled. The reason for adding these waveguide bends is that they avoid the
space problem in the fitting of the flanges with the manufactured filter.

A variant of the conventional even / odd analysis approach, as described in [177], was
utilised for the design process. Using this technique, the interresonator coupling is given
as a function of the semi axis of the elliptical cylinders (ri and wi for the first and second
filters, respectively), while the length (li) is employed for the subcavity resonant frequency.
The external quality factor Qext is utilised to adjust the input / output coupling value,
as defined in [74, 178]. This technique, which employs the semi axis of the first / last
air holes for the input / output coupling design, respectively, is based on the Doubly
Terminated Resonator approach [74]. After the design and optimisation of these two filters,
whose details can be found in [155], the extracted final dimensions are shown in Tables 6.1
and 6.2.

Variable Value (mm) Variable Value (mm) Variable Value (mm)

lport 10 l1 0 r1 4.859

ld 7 l2 22.11 r2 14.54

lev 258.847 l3 23.23 r3 16.86

ltot 292.847 l4 23.13 rx 14

Table 6.1: Final dimensions for the straight filter. The dimensions are referred to the sketch from
Figure 6.1a.

Figure 6.2 depicts the broad band responses of both bandpass filters. The exhibited find-
ings were obtained using the electromagnetic simulator HFSS, from ANSYS [179]. From
the first filter response it can be seen that the obtained results are: a centre frequency
of fc = 3.678 GHz, a bandwidth of BW = 120 MHz (FBW ≈ 3.2%), a Return Loss of
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Variable Value (mm) Variable Value (mm) Variable Value (mm)

lp 10 l1 21.55 w1 6.343

ld 7 l2 32.98 w2 15.4

ltot1 115.016 T 5 wx1 14

ltot2 98.016 w 16.9 wx2 12.6

Table 6.2: Final dimensions for the folded filter. The dimensions are referred to the sketch from
Figure 6.1b.

(a)

(b)

Figure 6.2: Scattering Parameters (S11 and S21) of the designed evanescent mode filters in wide
band: (a) straight structure, and horizontally folded multicavity.

RL = 20.31 dB and a Spurious Free Range (SFR) of SFR = 1.26 GHz. For the second one:
fc = 3.668 GHz, BW = 95 MHz (FBW ≈ 3.2%), RL = 20.1 dB and SFR = 1.32 GHz. Unfor-
tunately, due to the remarkable geometrical modification in the ports in the second filter,
the input and output couplings are more sensitive to changes, which has led to a difficult
bandwidth optimisation, resulting in a value 25 MHz below the synthesis target. Never-
theless, it can be considered a reasonable value for sending the filter to the manufacturing
stage.
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6.1.3 Experimental results

As mentioned in the previous sections, an hybrid production strategy was employed to
execute the two proposed filters. The dielectric pieces were created via AM, whereas the
metallic housings were made using CNC machining. The metallic portions were made of
aluminium, while the dielectric sections were produced with ABSplus on a 3D-printer
(Dimension 1200-bst model [180]).

The elements produced for the straight and folded versions are depicted in Figures 6.1c
and 6.1d, respectively. For each filter, the housing is constructed in two components, the
main body and the top cover. Because the design is so basic, a normal CNC milling method
may be employed. The dielectric components are 3D printed in a single structure, for both
filters, that includes all resonators and couplings. As a consequence, aligning the dielectric
components inside the metallic bodies is straightforward. The usage of two expanded
portions of length ld = 7 mm at both ends of the ABSplus parts also helps with alignment.

6.1.3.1 Evanescent straight filter

The measured findings of the first filter, acquired directly from the constructed prototype,
are depicted in Figure 6.3a (blue and red lines with circle symbols). These measurements

(a)

Tuning screw for coupling adjustment

Tuning screw for resonance adjustment

(b)

Figure 6.3: Straight evanescent RF filter: (a) Scattering Parameters (S11 and S21) from simulations,
measurements (before tuning) and tuning screw adjustment, and (b) picture of the filter
with the incorporated tuning screw system at the 6 couplings and 5 resonators (11
screws in total). The inset details the losses (IL) at the passband.

are compared to the HFSS simulation outcomes incorporating the ABSplus losses and the
aluminum conductivity (green and light blue lines with triangle symbols and yellow line
with square symbols from Figure 6.3a): tan δABSplus = 0.0053 and σAl = 3.8 · 107 S/m. As it
is shown, the response achieved immediately after manufacturing agrees quite well with
the simulation results.

To incorporate the ABSplus loss tangent in HFSS, it has been utilised a value equals to
the largest one provided by the company (0.0046 < tan δ < 0.0053) [176]. On the other
hand, it has been checked that the aluminum conductivity has little impact on the overall
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IL parameter for both filters. This investigation verifies that the main problem regarding
the losses comes from the ABSplus loss tangent. As depicted in the inset from Figure 6.3a,
the lowest IL value at the passband is IL = 3.7 dB.

Apart from the IL performance, the other observed parameters are the central frequency
fc = 3.671 GHz, the return loss RL = 12 dB and the bandwidth BW = 117 MHz.
When compared to the simulation design results, the response from the manufactured
structure demonstrates excellent agreement in terms of fc and BW. This is a strong
indicator that the ABSplus relative permittivity is quite close to the value provided by the
company (εr = 2.55) [176]. However, the observed minimum RL parameter value inside
the passband is significantly greater than the predicted one. Also, it can be observed that
several reflection poles are complex. This indicates that the filter is not properly adjusted
(or tuned). Generally speaking, this is typical of low-accuracy production mechanisms.
The RL is, undoubtedly, the parameter with the highest sensitivity performance in a
microwave filter response.

The detuning detected in the filter response, on the other hand, may be addressed
by installing tuning screws in the produced prototype, as illustrated in Figure 6.3b. M4
tuning screws were utilised in this circumstance. As it can be observed, 11 tuning screws
were utilised to fine-tune the response of the structure. To adjust the interresonator and
input / output couplings, six screws are situated in the middle of the air cylinders.
Five extra screws are put in the centre of the resonators (inside the dielectric areas
between adjacent air cylinders) for tuning the resonant frequencies of the subcavities.
The dielectric material has been pierced at the proper areas for the placement of these
5 screws. It is worth noting here that the screw perforating holes will cause the reson-
ances to move to higher frequencies. Nevertheless, the existence of the screws in the
resonator sections lowers their resonant frequencies, balancing the frequency changes.
This explain why the structure with the incorporated tuning system (see Figure 6.3b) can
be adjusted while maintaining the same fc value as the previous prototype without screws.

Note that metric M4 screws were used to create the required adjusting mechanism.
Then, air holes with a depth of 14.5 mm and a diameter of 5 mm were drilled in the AB-
Splus material. This resulted in a 29 MHz rise in the resonant frequency of each subcavity.
Following that, M4 screws were inserted into the perforations, giving a 23.2 MHz/mm
tuning sensitivity. This means that with a depth of little more than 1 mm, the screws
compensate for the first frequency shift caused by the air perforation holes. It should be
noted that this tuning approach might also be used in other comparable cases, such as if
the initial measured fc value is too small. To solve this situation, the air perforation holes
might be made larger (higher diameters and depths) to induce a higher increase in the
subcavity resonant frequencies. In this case, using screws with smaller metrics could be
more suitable in order to have more control over these resonant frequencies, although
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their penetration should be higher.

For the tuning of the structure with this system, the following steps were carried out:

• First, all screws are extracted to the maximum.

• Secondly, only by operating with the 4 screws on the interresonator couplings it
is searched an equiripple response, where all poles (5 in the case of this filter) are
visible.

• Then, the 5 screws on the resonators are adjusted for the fixing of the central fre-
quency ( fc = 3.68 GHz in this case), but always being careful to keep all poles in the
real frequency axis.

• Later, the first and last screws, those on the input / output couplings, are tuned for
the adjustment of the bandwidth (BW = 120 MHz in this case).

• Finally, an iterative process is performed adjusting all the screws taking into account
the functionality of each one according to the previous steps for improving the re-
sponse until the target specifications are met.

The final tuned response of the first filter is visible in the plot from Figure 6.3a (yellow,
purple and red lines with square symbols). The results suggest that the tuning procedure
was definitely successful. The structure response provided the same fc and BW values
as the initial specs. Additionally, using a RL = 21 dB, a nearly equiripple response was
achieved. Unfortunately, the passband enhancements come at the price of a modest rise
in the IL parameter, which now deteriorates to IL = 3.9 dB, as it is depicted in the inset of
Figure 6.3a. In general, the built structure displayed good filter properties. Furthermore,
the tuning procedure has proven to be successful in adjusting for manufacturing defects
induced by 3D printing.

After obtaining the tuned prototype, it was investigated the manufacturing tolerance
sensitivity of this filter. It was used the theory described in [181] to compute the mech-
anical precision required to ensure a deterioration in the RL parameter of less than 2 dB.
According to the findings of this research, the required accuracy is of 20 µm. Modern
state-of-the-art AM methods provide less accurate processes (∼ 250 µm). This work
demonstrates that the production of these type of filters necessitates the use of a tuning or
adjustment system to compensate for imperfections in AM techniques.

As a final research with this filter, in this PhD thesis it is illustrated how the hybrid
manufacturing technique suggested in this work may generate multiple types of transfer
functions with a simple and cost effective technique. The concept is based on utilising
the same housing to produce multiple responses by 3D printing additional dielectric
structures. To demonstrate this principle, it is now proposed the design of a new evan-
escent filter with air cylinders and the identical requirements as previously, but with a
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bandwidth increased to BW = 175 MHz.

A significant dimension constraint must be considered while designing this new
version: the overall length of the evanescent section (lev) must be the same as that of the
previous version (this is, lev = 258.847 mm). The dielectric structure of the first design
(Piece 1) is depicted in Figure 6.4a, and it is compared with the new prototype with larger
bandwidth (Piece 2). As it can be observed, both designs keep the same evanescent section
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Figure 6.4: Results from the straight evanescent RF filter with enhanced bandwidths: (a) picture
of the two 3D-printed ABSplus dielectric versions with different bandwidth value
(BW = 120 MHz for Piece 1 and BW = 175 MHz for Piece 2), (b) Scattering Para-
meters (S11 and S21) from simulations, measurements (before tuning) and tuning screw
adjustment of the filter employing the Piece 2, and (c) broad band response with the
tuned measurements comparing both versions.

length (lev). Nevertheless, the new dielectric component has air cylinders with smaller
dimensions to provide higher coupling values. Also, the smaller the elliptical air cylinders,
the greater the loading effects of the interresonator couplings. As a result, the subcavity
lengths are decreased, resulting in air holes that are closer together than in the previous
ABSplus piece. It is crucial to note that the length lev may be the same in both struc-
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tures thanks to the extra degree of freedom offered by the length l1 indicated in Figure 6.1a.

The process for designing the filter with larger bandwidth follows the same concepts
as the first version. Table 6.3 contains the final dimensions for the filter version with
the Piece 2, referred to the variables from the sketch depicted in Figure 6.1a. The new

Variable Value (mm) Variable Value (mm) Variable Value (mm)

lport 10 l1 8.25 r1 6.752

ld 7 l2 22.059 r2 11.702

lev 258.847 l3 23.255 r3 13.623

ltot 292.847 l4 23.411 rx 14

Table 6.3: Final dimensions for the straight evanescent filter with an enhanced bandwidth (BW =
175 MHz). The dimensions are referred to the sketch from Figure 6.1a.

filter version is provided by substituting the structure Piece 1 with Piece 2 employing the
same aluminum case (see Figure 6.1c). Figure 6.4b depicts the measurements acquired
immediately after production (blue and red lines with circle symbols).

In terms of fc and BW, the overall performance is fairly good: fc = 3.71 GHz,
BW = 180 MHz. Because of the increased bandwidth, the minimum IL value inside the
bandpass is now better (IL = 2.5 dB). Moreover, the RL value is good, being higher than
RL = 15 dB within the bandpass. We also employed the tuning screw system as in the
first version to increase this parameter (see Figure 6.3b). Figure 6.4b depicts the filter
response after tuning adjustment (yellow, purple and red lines with square symbols). As
it can be observed, the passband after tuning shows a central frequency of fc = 3.687 GHz
and a bandwidth of BW = 172 MHz. In addition, the measurements demonstrate a nearly
equiripple S11 parameter with a return loss value higher than RL = 21 dB. These passband
enhancements come at the trade-off of a greater IL value, whose minimal obtained value is
IL = 3 dB. The simulated response (with HFSS) is also given in Figure 6.4b for comparison
(green, blue and yellow lines with triangular symbols). The losses in these simulations
are implemented using the same aluminium conductivity and ABSplus losses as in the
previous version. As it is shown, the losses anticipated by HFSS are fairly comparable
to those observed immediately after manufacture, however after tuning the prototype
exhibits greater losses owing to the impact of the screws.

Figure 6.4c shows a final comparison of the two evanescent filters with elliptical air
cylinders and different bandwidths. For this comparison, the response measurements, after
tuning, were chosen. It can be clearly observed the bandwidth differences between the
two versions. The return loss parameter in both filters is quite good (better than RL =

20 dB). In this plot, the responses are displayed across a wide frequency range so that
the SFR value may be seen. As it can be observed, the next non-desired mode is located
at fsp ≈ 4.8 GHz for both versions, producing SFR ≈ 1 GHz. In general, the findings in
the straight evanescent filters demonstrate that the hybrid CNC machining and 3D printing
method that is proposed in this PhD thesis may be utilised to produce flexible and low-cost
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microwave filters with fairly good electrical characteristics. The sole disadvantage found in
in these prototypes, is that the insertion losses are slightly greater compared to traditional
machining methods. Nevertheless, if the accessibility of enhanced materials for the 3D
printing increases, this disadvantage could be overcome in the future.

6.1.3.2 Evanescent folded filter

The measurements results of the second filter, obtained from the manufactured structure,
are shown in Figure 6.5. As can be seen, unlike the previous case, the response of this

Figure 6.5: Measurements from the manufactured prototype of the evanescent folded design before
the tuning.

filter has somewhat poor passband characteristics, giving a return loss of RL = 9.5 dB and
a insertion loss of IL = 5.27 dB. On the other hand, the bandwidth and central frequency
are quite good compared to the HFSS simulation results (see Figure 6.2b): BW = 95 MHz
and fc = 3.679 GHz, respectively.

Similarly to the straight evanescent filter, it has been concluded that the aluminum
conductivity impact on the overall insertion losses is not very high. However, the
IL parameter is very sensitive with the ABSplus loss tangent and its manufacturing
process (roughness, for instance). In addition, it is believed that the extra losses may
be due to poor electric contact between the dielectric and the metallic housing, where
unwanted small air gaps may be created. Two of the possible solutions that have been
considered are: 1) applying conductive paint on the inner walls of the metallic housing
and on the outer walls of the dielectric part, and 2) sanding the top / bottom dielectric
faces (to increase the contact between the housing parts). Further research has led
to the conclusion that this high level of IL may also be due to the 25 MHz difference
in bandwidth between the synthesis and the designed responses, discussed in section 6.1.2.

Also, it can be seen that the four reflection poles (see Figure 6.5) are not in the
response. This suggests again that the filter is not properly tuned. For this reason, the
detuned response of this filter can be adjusted by installing and employing a similar

182



tuning screw system in the manufactured prototype as in the previous filter. As depicts
Figure 6.6a, the reflection coefficient S11 has been corrected, which has been obtained
by following the steps described in the previous subsection. M4 tuning screws were
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Figure 6.6: Folded evanescent RF filter: (a) S11 parameter from simulations, measurements (before
tuning) and tuning screw adjustment, and (b) picture of the filter with the installed
tuning screw system at 4 air cylinder couplings and 4 resonators (8 screws in total).

used as well for the tuning of this filter (see Figure 6.6b). As it can be seen, 8 screws
were employed to fine-tune the response of the prototype. To adjust the two of the
interresonator couplings and the input / output couplings, four screws are situated
in the middle of the air holes. For the time being, no screws have been introduced in
the inductive iris window coupling between resonators 2 and 3 (although it could be
implemented if necessary). Four extra screws are put in the centre of the resonators
(between adjacent air holes) for tuning the resonant frequencies of the resonators. The
ABSplus structure has been pierced at the center of the resonators for the placement of
these four screws, as in the previous case. Again, the screw perforating holes cause the
resonances to shift to higher frequencies. However, the existence of the screws in the reson-
ators compensates this effects, maintaining the same fc value as in the case without screws.

As in the scenario with the straight evanescent filter, it has been employed the metric
M4 for the screws to create the required tuning system. Thus, air cylinders with a
depth of 14.5 mm and a diameter of 5 mm were bored in the ABSplus material at the
center of the resonators. This resulted in a similar resonant frequency increase and
tuning sensitivity (once M4 screws were inserted into the perforations) as in the pre-
vious structure. In addition, using screws with other metrics could also be useful if needed.

Following the tuning screw steps, the final tuned response of the second filter is plot
in Figure 6.6a. The results suggest that the tuning procedure was definitely successful in
terms of S11. The structure response provided the similar fc and BW values as the initial
specs. Additionally, using a RL = 22.5 dB, a nearly equiripple response was obtained. In
general, the manufactured structure displayed good filter properties in terms of reflection
coefficient. In addition, the tuning procedure has proven to be successful in adjusting for
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manufacturing errors caused by 3D printing. However, insertion losses have not improved,
and this clearly indicates that there is a contact problem between the cover and the housing
body.

6.2 alternating iris filter

6.2.1 Introduction

As previously mentioned, the interest in the development of new geometries and
topologies for waveguide bandpass filters for satellite communications purposes has
increased in recent years. One of the limiting factors in the design of such filters is the
weight, volume, and footprint inside the satellite, the reduction of which will be key to
cost decrease. On the other hand, it is well known that the electromagnetic spectrum is
occupied by a multitude of applications, so the selectivity of the filters (how steep the S21

parameter slopes fall outside the passband) will be a very important factor in the design
of this type of structures for improving the out-band rejection. Such selectivity increases if
transmission zeros are implemented in the filter responses, which are used in haloscopes
for the rejection of unwanted modes, as covered in previous chapters.

In this line of work, in the previous section the design, manufacture and measurement
of an horizontal folding filter with N = 4 resonators and five inductive couplings (three
of interresonator type, and two of input / output type) has been shown. In addition,
few investigations have been carried out in [155] to try to implement transmission zeros
in this structure by an inductive cross-coupling between the first and last resonators
(see topology in Figure 6.7a), this is, with an element M14 > 0. However, this topology

1S 2

34L

MS1

M4L

M12

M23

M34

M14

(a)

1S 2

34L

+

+ +

+

-+

(b)

1S 2

34L

+

+ +

-

++

(c)

Figure 6.7: (a) Topology of a bandpass filter based on 4 resonators with a cross-coupling M14. Cases
for implementing real transmission zeros on a filter with all inductive couplings except
(b) the M23 element, and (c) the M12 element, which are of capacitive type. A positive
symbol (+) represents an inductive coupling, while a negative symbol (−) depicts a
capacitive coupling. On the other hand, a solid line means an in-line coupling, while a
dashed line represents a cross-coupling.

implemented complex zeros which, while they can help in improving the group delay
equalisation, do not enhance the out-of-band rejection [74, 155]. To make these complex
zeros real for better rejection, the sign of the M14 element must be changed, which was
accomplished in [155] by a vertical folding in the structure. The solution proposed in this
PhD thesis is to change the sign in non-cross-couplings with asymmetrical horizontally
folded structures, which can provide flexibility in the design of higher order filters with

184



different implementations of zeros.

After an extensive search in the state of the art, it was found that the solution to this
problem is through the use of a mix of iris types, as it is shown in [182] for symmetrical
structures, the base of the concept that was discussed in previous chapters (mostly in
section 3.1.2) with haloscopes in order to increase the separation between configuration
modes (the alternating idea). Unlike haloscopes based on alternating multicavities, this
technique is based on implementing a specific number of capacitive irises (or inductive
irises if the structure is originally based on an all capacitive multicavity). In the case of the
structure designed by [182], it is based on a symmetrical and vertically folded structure
with N = 4 resonators and 6 couplings (4 of interresonator type, and 2 of input / output
type), where one of them, the coupling between resonators 2 and 3 (M23), is capacitive
and the rest are of inductive type. This design is composed by standard waveguides
without dielectrics or evanescent sections (so easier structures for analysing the mentioned
concepts). The topology on which this filter is based is the one from Figure 6.7b where the
element M23 < 0 is of capacitive type, and the rest are all inductive couplings (> 0).

However, the selected orientation in the case of this PhD thesis is horizontally folded,
whose footprint could be useful in some cases depending on the satellite requirements. It
was found that in [183] it is implemented the same topology as in [182] (M23 < 0) but with
a waveguide multicavity folded horizontally instead of vertically. In this work, it has been
investigated the implementation of this kind of structures but asymmetrically, this is, the
design of a filter based on the topology from Figure 6.7c with all inductive couplings (> 0)
except for the interresonator coupling between the first and second resonators, which is
of capacitive type (M12 < 0).

Due to the complexity of this structure, it was decided to employ the Step by step tech-
nique and the Coupling Matrix Segmentation (presented in [84]) for the design process,
which systematically yield to the design of the final structure dimensions. The benefits
of this approach include the fact that the number of parameters involved in each stage is
significantly less than the total number of parameters in the filter structure, as well as the
fact that the interactions between nearby elements are taken into account in each iteration.

6.2.2 Horizontally folded asymmetric filter design

As it is said in the previous section, an asymmetrical fourth order filter with a quartet
topology folded horizontally has been designed with two transmission zeros on both
sides of the passband. This is a canonical topology with only one cross-coupling, the M14

iris window. The architecture enables for the incorporation of two real transmission zeros
in the filter response (one in each side of the passband). Figures 6.7a and 6.7c depict the
coupling topology, where the white circles represent the source and load ports (or input /
output ports) and the black circles reproduce the resonators (1, 2, 3 and 4). The couplings
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along the main path are shown with solid lines, while the cross-coupling is represented
by a dashed line. Figure 6.7c shows the type of coupling irises in this case (positive for
inductive windows, and negative for capacitive windows).

The fundamental shape of all irises may be investigated further in Figure 6.8a. In these
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Figure 6.8: Horizontally folded asymmetric filter: (a) 3D model with its dimensions, and (b) ideal
response with two real transmission zeros on both sides of the passband. This structure
implements the topology from Figure 6.7c.

illustrations, the coupling Mij is controlled by the iris width aij, between adjacent resonat-
ors i and j. For the capacitive case, the element M12 is controlled by the window height
bc. In addition, the diagram depicts all the geometrical parameters that will be optimised
during the design phase. The thickness of all walls (t) is fixed at 3 mm for practical reasons.

We employ the standard rectangular waveguide WR-90 (a = 22.86 mm and
b = 10.16 mm) for the physical implementation. Center frequency f0 = 8.5 GHz,
bandwidth BW = 500 MHz, and minimum return loss RL = 22 dB are the filter specs.
In addition, the quartet topology has two transmission zeros, which will be located at
fz1 = 7.93 GHz and fz2 = 9.08 GHz (symmetrically arranged with regard to the filter
centre frequency). These specs produce the scattering parameters shown in Figure 6.8b,
that will be the target for the response of this design

The design process begins with getting the normalised coupling matrix using the ap-
proach outlined in [74], with the necessary filter characteristics above-mentioned, resulting
to

MN+2 =

 0 1.0587 0 0 0 0
1.0587 0 −0.9 0 0.13 0

0 −0.9 0 0.75 0 0
0 0 0.75 0 0.9 0
0 0.13 0 0.9 0 1.0587
0 0 0 0 1.0587 0

 . (6.3)

This matrix, like the examples in the preceding section, has all of its diagonal elements
equal to zero. This indicates that the topology is synchronously tuned, and all resonators
are adjusted at the passband centre frequency. This is the situation, as previously stated,
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when the frequency response to be synthesised is symmetrical with regard to the central
frequency. It is also worth noting that one of the matrix couplings has a negative sign, the
capacitive element M12.

The scaled coupling matrix (M
′
) is now calculated, utilising the resonant mode TE101

in the rectangular waveguide cavities as resonators. The details of this process are found
in [182]. Following [182], applying the filter specifications above-mentioned the scaled
coupling matrix can be extracted:

M
′
N+2 = 10−4 ·

 0 8.4533 0 0 0 0
8.4533 0 −3.3971 0 0 0

0 −3.3971 0 2.8309 0 0
0 0 2.8309 0 3.3971 0
0 0 0 3.3971 0 8.4533
0 0 0 0 8.4533 0

 . (6.4)

Note how it has been imposed on this matrix that the element M14 is equal to zero. This
is because the cross window (between resonators 1 and 4) will not be implemented until
the last design step, where an optimisation will be applied to the necessary dimensions.

For applying the step by step design approach, the filter structure (see Figure 6.8a) and
its scaled matrix (see equation 6.4) are divided in several steps, as illustrated in Figure 6.9.
The design procedure begins by considering only the first iris window, namely the input
coupling (see Figure 6.9a). This circuit response is quite basic, as seen by the black line
in Figure 6.10a, and it is employed to improve the physical structure input iris, which is
made up of the input inductive window (ain) depicted in Figure 6.8a. Figure 6.9a depicts
the portion of the physical structure that corresponds to the first step. It is important to
note that the waveguide corresponding to the first resonator in this construction is simply
terminated by a waveguide port (red surface from Figure 6.9a). Due to the intrinsic dis-
persion of inductive irises, the response of the iris is frequency-dependent. Nevertheless,
the iris width ain is tuned until the correct transmission parameter value is obtained at the
passband centre frequency (this is, at f0 = 8.5 GHz), as seen in Figure 6.10a. To analyse
the structures in all the steps, full-wave simulations are applied using FEST3D software
[78]. Just the width of the input iris ain is adjusted in this first phase, as seen in Table 6.4.

Variables (mm) Step 1 Step 2 Step 3 Step 4 Step 5 Final

ain 15.615 15.568 15.568 15.666 15.672 15.989

bc 0.979 0.939 0.972 0.966 0.985

a23 11.69 11.878 11.88 12.002

a34 11.864 11.776 11.632

aout 15.295 15.108

a14 7.425

l1 23.68 23.664 23.601 23.613 22.533

l2 26.412 26.261 26.205 26.199

l3 22.9 22.884 22.959

l4 19.99 19.214

Table 6.4: Values of all the filter dimensions (referred to the Figure 6.8a) acquired during each step.
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(a) (b) (c)

(d) (e)

Figure 6.9: Steps for the design procedure of the presented filter dimensions based on the subdivi-
sion of the structure. The red walls represent the position of the port excitations.

The element M12 is combined with the first resonator in the second stage of the design
process, yielding the coupling matrix illustrated in Figure 6.9b. Figure 6.10b depicts the
response, which is utilised to adjust the second section of the physical structure, which
is also illustrated in Figure 6.9b. The coupling M12 in the filter construction is generated
with the capacitive iris bc depicted in Figure 6.8a. Lastly, the length l1 is used to change
the resonant frequency of the first resonator. The waveguide corresponding to the second
resonator is terminated with a waveguide port, as shown in Figure 6.9b.

As indicated, bc and l1 are the major geometrical parameters involved in the optimisa-
tion processes for this second phase of the design process. The two geometrical parameters
are first tuned until the response is regained, as indicated in Figure 6.10b by the black line.
It should be noted here that, following an initial optimisation with these two dimensions,
a little refinement with the input iris (ain) is frequently necessary. In this method, all of
the structure interactions and tiny couplings are strictly accounted for during the final
computation of the necessary geometrical parameters.
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(a) (b)

(c)

Figure 6.10: Responses at the optimization process for (a) the first, (b) the second, and (c) the third
steps. The black lines represent the target response. The scattering parameter S21 (red
lines) is employed in these steps for the optimization. The rest of the lines (blue line
(S11), for example) are not used here.

The geometrical variables acquired at this point in the design process are also listed
in Table 6.4 (Step 2). The input iris has been changed from ain = 15.615 mm in Step
1 to ain = 15.568 mm in Step 2. This suggests that, despite their small variations, the
interactions and loading effects of the 1st resonator on this iris are significant. The study
also emphasises the significance of accounting for coupling effects and interactions from
nearby elements during the final optimization of the various portions of the filter.

As illustrated in Figure 6.9c, it is added a new coupling (the element M23) and the
second resonator in the third phase of the design process. As shown, the new coupling is
adjusted with the inductive iris a23 (see Figure 6.8a), while the new resonator is adjusted
with the length l2. The waveguide associated with the third resonator is again terminated
on the front side with a waveguide port, as shown in Figure 6.9c.
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The new geometrical parameters (a23 and l2) are first tuned to restore the response
displayed by the black line (S21) in Figure 6.10c, using the same technique as previously.
Following this first optimisation step, a refinement that includes nearby elements is
carried out (bc and l1). It should be noted that the input iris (ain) does not need to be
included in the optimisation procedure at this point. This refining method recovers the
goal function with good precision, as demonstrated by the red line in Figure 6.10c.

Table 6.4 contains the geometrical dimensions obtained following this stage (Step 3). The
capacitive height (bc) and the first resonator length (l1) differ only little from the preceding
step. Anyway, these small variations highlight the need of taking neighbouring structures
into account while finalising the design of the different parts of the filter structure.

Then, it is added the following section, as shown in Figure 6.9d, based on a new
coupling (the element M34) and the third resonator in the fourth step of the design
process. The new coupling is adjusted with the inductive iris width a34, while the new
resonator is tuned with the length l3 (see Figure 6.8a). As illustrated in Figure 6.9d, the
waveguide associated with the fourth resonator is terminated on the front side with a
waveguide port (red surfaces shown in Figure 6.9d).

Using the approach from previous steps, the new geometrical parameters (a34 and l3)
are first modified to recover the response seen in Figure 6.11a. Following this initial round

(a) (b)

Figure 6.11: Response at the optimization process for the fourth step: (a) wide frequency span,
and (b) reduced span. The black lines represent the target response. The scattering
parameter S21 (red line) is employed in this step for the optimization. The rest of the
lines (blue line (S11), for example) are not used here.

of optimisation, a refinement that includes nearby elements is performed (a23 and l2). The
red line in Figure 6.11a shows that this refining approach recovers the goal function with
high precision. Next, as illustrated in Figure 6.11b, additional finer optimisation with a
reduced frequency span is used to adjust the previous elements of the filter structure (bc,
l1, and even ain), resulting in a more precise response.
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Table 6.4 (Step 4) also lists the dimension variables obtained at this phase in the
design process. The geometrical dimensions used in the previous three steps are also
slightly altered in this phase. This shows that the interactions and loading effects of all
the structure parts are substantial. This conclusion is consistent with the notion that an
asymmetric filter is far more sensitive to its dimensions than a symmetrical construction,
although the parameter that makes a filter most sensitive is the bandwidth (if BW is large,
the interaction between elements is stronger and more corrections have to be made).

The last section (excluding the cross-coupling) is now implemented for the fifth step. In
this case, a new coupling is introduced, the M4L element (modelled by an inductive iris),
and the last resonator, modelled by the fourth resonant cavity, as shown in Figure 6.9e.
This coupling and resonator are adjusted by the dimensions aout and l4, respectively (see
Figure 6.8a). Now, the waveguide associated with the filter output is terminated on the
front side with a waveguide port, which will be the final path of the whole structure once
designed.

The variables aout and l4 are then adjusted to obtain the response (utilising now both S21

and S11 parameters) seen in Figure 6.12a (black lines). After a first optimization, the rest

(a) (b)

Figure 6.12: Step 5 response: (a) wide frequency span, and (b) reduced span. The black lines rep-
resent the target response. The scattering parameter S21 (red line) is employed in this
step for the optimization. The S11 parameter is also utilised in (a) for higher accuracy.
The rest of the lines are not used here.

of the variables are also tuned. The read and blue lines in Figure 6.12a show the outcomes
with a good agreement compared to the target (black lines). Furthermore, as shown in
Figure 6.12b, another optimisation with a reduced frequency span and employing only the
S21 parameter is carried out to adjust all the filter sections, resulting in a higher accuracy.

The dimension variables collected at this stage in the design procedure are shown in
Table 6.4 (Step 5). At this phase, the geometrical parameters employed in the previous
four steps are also tuned.
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As a final step, the cross-coupling M14 is implemented with the structure dimensions
from Step 5 (see Figure 6.13a). This element is modelled by an inductive iris window

(a) (b)

(c)

Figure 6.13: Final step: (a) 3D model, (b) response at the optimization process, and (c) final response
of the filter. The black lines in (b) represent the target response.

that connects the first and last resonators thanks to the structure folding. This coupling
is adjusted with the iris width (a14, referred to the dimensions from Figure 6.8a). The
optimization process for this final phase is based on the target response from the matrix
shown in equation 6.3 (see Figure 6.8b).

Figure 6.13b depicts the coupling matrix goal response as well as the physical structure
response with optimised dimensions. Once again, the optimization is carried out employ-
ing both scattering parameters (S21 and S11) for higher accuracy. In general, attending the
frequency values fc (the central frequency), fz1 and fz1 (the position of the transmission
zeros below and above the passband, respectively), and BW (the bandwidth), it can be
stated that there is good agreement between both responses. Figure 6.13c shows the filter
response in detail for ease of visualisation. The initial return loss level inside the passband
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of RL = 22 dB was also successfully reached. In Table 6.4 (Final) the final dimensions
obtained after optimization are included.

The next objective for this study is the fabrication of the filter and its electromagnetic
characterisation with the VNA. Although such manufacture has been left as a future line,
some of the considerations to be taken into account for it have been analysed. Firstly, in
order to allow WR-90 flanges to be positioned in the ports, it is necessary to implement
a small section of orientation change (in opposite directions) in each port. For the filter
studied in the previous section a 90o waveguide bend was utilised, however this time
a 30o one will be sufficient. Figure 6.14 depicts the structure with these 30o sections at
both ports. These extra sections at the ports hardly vary the already optimised response.

Figure 6.14: 3D model of the designed horizontally folded asymmetric filter with 30o waveguide
bends at the ports, rounded chamfers at the vertical corners, and tuning screws at the
resonators and irises.

On the other hand, as has been seen in the manufacture of the housings of all the
structures investigated in this PhD thesis, the machining drills that outline the walls of
the cavities and irises will impose rounded chamfers (of radius 2 mm for this filter) in
some of the corners, which will depend directly on the manufacturing cut. In this case,
an horizontal cut has been chosen due to the high complexity for the other two types of
cuts (transversal and vertical), so the chamfers will have to be implemented on the vertical
axis (see Figure 6.14). This implies a new optimization of the response, which has been
reserved as future work. Finally, as it is such a sensitive structure (due to its asymmetry,
the low bandwidth value and the presence of transmission zeros close to the passband),
the implementation of a tuning screw system has been taken into account before its
manufacture, as illustrated in Figure 6.141. To this end, a study was carried out to predict
the sensitivity of the response on the penetration of the screws in each position (both in
the centres of the resonators and in the centres of the iris windows).

1 In order to reduce the complexity of the problem, the implementation of a tuning screw in the capacitive iris
has been avoided for the time being and can be introduced later in production if necessary.
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To have enough space to tune the filter with the screws, it has been decided to optimise
the response with these screws inserted 3 mm into the cavities and irises. For this purpose,
it has to be studied how much the lengths of the resonant cavities and the widths of the
irises have to be corrected. Firstly, for the resonators, it has been simulated the behaviour
of a single cavity with a tuning screw varying its depth at the centre, obtaining a sensitivity
in the resonant frequency of −113 MHz/mm at our operation frequency ( f0 = 8.5 GHz).
Simulating a resonator without screws, it has been obtained a sensitivity with its length of
−130 MHz/mm. Then, for a compensation of the 3 mm screw depth at all the resonators,
a 2.6 mm reduction of the resonator lengths should be applied. On the other hand, for
the inductive irises, the simulations provided a sensitivity of the physical coupling k with
the screw depth of 3.17× 10−3 per mm. Without tuning screws, the iris windows give a
dependence with its widths of 0.014 per mm. Therefore, to correct for the 3 mm screw
depth at all the inductive iris windows, a 0.7 mm reduction of the iris widths should also
be applied. These corrections in both resonators and couplings serve as starting point for
the new optimization, that should also be realised due to the implementation of the vertical
chamfers, as previously stated.

6.2.3 Topologies with N > 4

In this line of work, investigations have been carried out for the extension (to more than 4
resonators) of the concept of implementing pairs of real transmission zeros at both sides of
the passband in asymmetric filters by mixing signs in the main path couplings (non-cross-
couplings) with horizontally folded structures. In particular, this effect has been studied
in a filter with N = 6 resonators, where studies have been conducted to obtain a response
with two pairs of transmission zeros, for an even higher out-of-band rejection. After several
tests, a matrix has been found that provides a response with specifications similar to those
used in the previous filter (horizontally folded quartet):

MN+2 =


0 1.023 0 0 0 0 0 0

1.023 0 −0.868 0 0 0 0.01 0
0 −0.868 0 0.61 0 0.13 0 0
0 0 0.61 0 0.7 0 0 0
0 0 0 0.7 0 −0.61 0 0
0 0 0.13 0 −0.61 0 0.868 0
0 0.1 0 0 0 0.868 0 1.023
0 0 0 0 0 0 1.023 0

 . (6.5)

This matrix provides the response shown in Figure 6.15a, which is based on the
topology shown in the inset. As it can be seen, the structure needs the implementation of
two capacitive irises (negative sign) in the in-line interresonator couplings M12 and M45,
and two inductive irises (positive sign) in the interresonator cross-couplings M16 and M25.
The rest of the couplings are all of inductive type. A 3D model of this filter is depicted
in Figure 6.15b. It is important to note that the number of transmission zeros that will
appear in the filter response will be equal to the number of resonators in the structure
(N) minus the minimum number of resonators needed to go from port 1 to port 2. This is
known as the Minimum Path Rule [74].In this case, the number of transmission zeros are
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Figure 6.15: Horizontally folded asymmetric filter with N = 6 resonators: (a) response with two
pairs of transmission zeros, and (b) 3D model of the prototype to be designed. The
inset in (a) depicts the topology necessary for obtaining such response. As it can be
observed, M12 and M45 are capacitive couplings.

ntz = 6− 2 = 4.

An asymmetric structure based on 8 resonators could be used for the implementation
of 3 pairs of transmission zeros, achieving even higher out-of-band rejection, although
its design and tuning can be quite complex. For the design of these structures, a more
efficient technique employing the coupling matrix segmentation based on multi-port net-
works [182] could be necessary due to its high complexity. The design of the prototype
from Figure 6.15b has been left as future work.

6.3 conclusions

In the first section of this chapter, the primary goal of the study is to demonstrate
experimentally that using 3D-printed ABSplus material as a dielectric element for the
construction of cheap evanescent bandpass filters operating in the C-band is feasible. Two
filter designs made of dielectrics and evanescent waveguide cases were designed, pro-
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duced, and successfully measured for this purpose. Both filters have an in-line topology
and use low-cost AM dielectrics in conjunction with machined metallic components for
the housing.

In the case of the first filter designed, which is based on a straight structure with
elliptical air cylinders, it exhibits a good performance in the S21 parameter as compared
to the second filter based on an horizontal folding geometry. The second filter yields
to an almost square footprint, and to the possibility of implementing cross-couplings if
needed. It has also been proved that several transfer functions may be implemented by
3D printing distinct dielectric structures that are then inserted within the same metallic
housing. Because of the electrical qualities of the used ABSplus material, the electrical
response of the measurements are fairly good, although with somewhat increased IL.
Enhancements in this parameter are expected to come when new 3D printing materials
with better electrical characteristics become widely available.

It is concluded that the hybrid CNC machining and 3D printing or AM technique
presented in this research is a highly important industrial approach for the quick, cheap
and flexible prototyping of microwave filters based on the proposed idea.

On the other hand, in the second section, the design of a filter based on an asymmetric
folding canonical topology that mixes inductive and capacitive couplings was presented.
The idea is to implement capacitive irises at the main path couplings in an all-inductive
topology for applying real transmission zeros at both sides of the filter passband. Due to
the complexity of this type of filters, the design method is based on scaling the normalised
coupling matrix to identify appropriate partial responses of the filter. The approaches
were successfully used to the design and construction of a filter prototype with two real
transmission zeros in quartet topology. Several recommendations are provided for the
manufacture of this filter, such as the application of a tuning system, which has been
studied with simulations in order to assess its capability to effectively tune the response.

A study was also conducted for the development of an asymmetric matrix able to im-
plement four real transmission zeros by a structure with six resonators and two cross-
couplings. All couplings in this structure are inductive except for two, which are on the
M12 and M45 elements (couplings in the main path). A similar technique, as described
previously, may be used to create different filters with higher order folded canonical topo-
logies or with extra cross-couplings.
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7
C O N C L U S I O N S A N D F U T U R E R E S E A R C H

7.1 conclusions

This PhD thesis has focused on the development and improvement of new dark matter
axion detection systems based on single resonant cavities or multicavities, commonly
known as haloscopes. These systems have been carried out in waveguide technology. In
addition, novel bandpass filter designs for satellite communications have been developed
in this same technology, as spin-off activity of the haloscopes designs.

As it has been seen in Chapter 2, the field of haloscope research has been booming
in the last decade and most of its parameters have yet to be improved by the axion
community. In this sense, the present PhD thesis offers many improvements in order to
increase the possibilities of detecting the long-awaited axion particles, which could explain
the composition and confirm the existence of dark matter, which corresponds to one of
the big questions in Physics today. Some of these improvements have been to increase
the performance of the haloscopes by increasing their volume, quality factor and form
factor, and to design a novel electronic tuning system. Axions can be found by converting
them into photons in the presence of a strong magnetic field. To boost the strength of the
converted photon signal, the haloscope approach employs a cavity resonating at the axion
frequency.

Throughout the last 20 years, the haloscope approach has been utilised to search for
axions. Yet, the majority of the experiments have looked for masses less than 25 µeV.
The RADES team (within which this PhD thesis has been developed) searches for axion
above 25 µeV using single cavities or the multicavity concept. The latter is based on
connecting N subcavities with inductive or / and capacitive iris windows for resonating
at a single frequency, a parameter directly proportional to the mass of the axion. This
approach allows the increase of the haloscope volume without lowering its resonant
frequency. Some of the designs developed by the RADES group have been installed on the
CAST and SM18 magnets, working at high magnetic fields and at cryogenic temperatures,
conducting axion data campaigns in the last years where, after analysing the data, the
axion has not yet been found.

An all-inductive N = 5 multicavity was designed and manufactured using the coupling
matrix technique and CST simulations, being the first haloscope developed by the RADES
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team. By the end of 2017, this structure was installed inside the CAST magnet. The major
goal of this PhD thesis was to implement enhancements to these types of structures
increasing the competence of the team among the experimental axion groups. The first
section of Chapter 3 has shown the progress made in efficiently increasing the volume,
quality factor and form factor of haloscopes with rectangular geometry that would fit in
any type of magnet (dipole or solenoid). These three parameters are very important in a
haloscope design and the axion detection capability depends directly on its values. This
study may serve as a guide for any axion group seeking to develop a dark matter detector
with high performances. In addition, different designs and fabrications carried out are
shown, validating all the simulations presented. In the second section of this chapter, the
manufacturing quality factor results of various RADES prototypes have been analysed.
Throughout this analysis, new ideas for improving this factor are proposed, along with
other ideas for enhancing other issues, like the development of a novel identification
mode technique. Special interest has been put on a new idea developed in this PhD
thesis: the modularity, which is based on applying fabrication cuts at efficient positions
in order to improve the surface current flow (and therefore improve the quality factor) in
the resonant waveguide cavities. The last two sections of this chapter show the studies
carried out for the implementation of a tuning system (both mechanical and electronic)
and input / output coupling readjustment. For the latter, a preliminary prototype has
been designed and manufactured giving good results that could lead to the development
of a new version to be used in the real axion measurement campaigns.

Chapter 4 has focused on the development of a new idea of electronic tuning based on
ferroelectric materials, which have also served to propose a new system to implement
interresonator couplings, that can be adjusted electronically. These devices are able to
change their permittivity εr by applying a DC voltage or a temperature change. The
variations of εr gives a resonant frequency (which is the axion frequency) shift in the
haloscope. Unfortunately, because haloscopes must work at cryogenic temperatures, the
chosen ferroelectrics are KTOs, which have extremely high permittivity (∼ 4500), making
the problem enormously difficult. In this work, an idea based on efficiently positioning
KTO films of a certain thickness has been developed in order to obtain a high tuning range
with very good performance in the haloscope parameters (quality factor, form factor, and
volume). This work constitutes one of the great advances introduced by the PhD thesis
since it contributes a great value to the axion community, since previously only superficial
work had been done on this type of electronic tuning. These electronic systems could
replace or complement mechanical tuning systems, which present problems at cryogenic
temperatures and have virtually no scalability. Additional investigations have been carried
out for the use of these ferroelectric films as a replacement for metallic iris (both inductive
and capacitive), which sometimes imply a challenge in production when a very high
quality factor is desired. Also, a setup for the characterization of the future KTO films has
been designed. The simulations provided promising results, verifying the viability of the
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prototype.

Then, in Chapter 5, other improvements studied in this work have been shown. Among
these studies, particular emphasis has been placed on the sum of the signals from several
ports of the same haloscopes using the phase-matching method. The idea of this technique
is based on the increase of the resonant mode separation, which is a parameter of great
interest throughout the developments carried out in this PhD thesis. Various simulations
have been conducted for the sum of up to 8 coaxial ports, rejecting some modes that are
close to the axion resonance. These results are very useful because the axion mode should
ideally be isolated to avoid problems like: the axion mode identification, the quality
factor calculation, and the reduction of the form factor. To validate these techniques
experimentally, a prototype has been designed and manufactured to combine with the
phase-matching concept its coaxial ports. The results of the measurements and post-
processing have shown excellent results, confirming the possibility of rejecting resonances
close to the axion mode, thus being able to design haloscopes with larger volumes. In
the following sections of this chapter, other secondary studies carried out as an extension
of the main ones have been covered: development of a QuBit system to decrease the
system temperature, design of haloscopes in the UHF and W bands, implementation of
superconducting elements in haloscopes (HTS design), and development of a full-wave
modal technique for the efficient analysis of the axion-photon coupling in a haloscope.

Finally, in Chapter 6 the results obtained from the investigations conducted for the de-
velopment of bandpass filters based on multicavities in waveguide technology have been
presented. As it has been demonstrated, this technology allows both the development of
axion dark matter detectors or haloscopes, as well as radiofrequency bandpass filters for
satellite communications. In line with the latter, improvements have been made to two
evanescent filters that use a hybrid machining CNC system together with the use of dielec-
tric elements produced from 3D printing, in order to greatly reduce the cost. In this PhD
thesis, a tuning system with screws has been proposed, which has allowed producing a
response in the manufactured filters with good agreement with respect to simulations,
thus validating the experimental results for this concept. The structures from this section
make it possible to reduce the weight on board the satellite, which is a key character-
istic for launching them into space due to the strong dependence between weight and
cost, as it is well known. On the other hand, the study of new asymmetric topologies
with cross-couplings has been carried out to produce transmission zeros on both sides
of the passband, through the mix of inductive and capacitive irises. This technique gives
responses with higher rejection capabilities. The design of a filter based on four resonators
has been carried out, providing a very effective response, and the necessary guidelines
for its manufacture have been presented. The filters and topologies studied in this section
are of special interest when the needs of the devices that must go on board (in commu-
nications satellites) imply an increase in the out-of-band rejection, with an almost square
footprint.
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7.2 outlook and future work

The work addressed in this PhD thesis has given rise to a high number of future lines of
research due to the fact that satisfactory progress has been made and the high demand for
improvement both in dark matter haloscopes and in satellite communication filters. Thus,
the future lines extracted from the work carried out will consist of:

• Haloscope designs: Design of a competitive haloscope with high volume operating
at X-Band for the BabyIAXO magnet. All the ideas shown in section 3.1 (the mul-
ticavity concept, the alternating irises technique, the large dimensions, and the 3D
geometries) could be combined for the creation of the definitive haloscope. In this sense,
two studies has been left as future work: tall multicavity designs employing different
lengths for each subcavity to utilise practically the whole bore of a solenoid magnet,
and optimization of the form factor in the large multicavity example presented in
section 3.1.2.3. Also, the application of all the research presented in section 3.1 but
with cylindrical geometries (both cavities and multicavities) is a pending issue that
is expected to be accomplished soon. On the other hand, for the implementation of
transmission zeros in multicavities, two investigations have raised as future work:
synthesis of haloscope designs with transmission zeros and arbitrary coupling to-
pology, and implementation of an internal bypass metallic loop structure (wire) for
obtaining a cross coupling with in-line structure (1D geometries) [184]. The latter
idea could be useful in dipole magnets with small diameter, where 2D geometries
could generate space issues.

• Studies in the alternating 6-subcavities haloscope with vertical cut: Application of
screw holes in the horizontal axis, and implementation of a new soldering strategy to
increase the quality factor. Additionally, the possibility of designing the 6-subcavities
alternating haloscope with movable screws as coupling elements (that could act as
inductive or capacitive coupling), instead of fixed window irises, is being explored.
Following this idea, the unloaded quality factor Q0 could be increased because only
a vertical cut would be needed, without capacitive cuts. However, the quality factor
reduction due to the screws is something that must be assessed in manufacturing.

• Modularity: Study of the concept of modularity with modules using inductive ir-
ises and / or with a higher number of subcavities (30, for example). In this line, it
is also expected to explore the feasibility of mixing inductive and capacitive mod-
ules to implement multitude of different topologies without the need for additional
fabrications.

• Investigations in the alternating 30-subcavities haloscope: Analysis of the measure-
ments taken at CAST by the Time Gating method to extract the information of the
input coupling coefficient β at such installation, and implementation of the same re-
processing carried out on the 6-subcavities haloscope (desoldering, vertical cutting,
re-coating and soldering).
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• Mechanical tuning control system for vertical cut haloscopes: Adaptation of the con-
trol device presented in Figure 3.65 to all the RADES designs, particularly in the 6-
subcavities and 30-subcavities haloscopes. More vertical cut tuning investigations
with manual opening are needed before the construction of theses control systems.

• Ferromagnetic tuning: Experimental implementation of the ferromagnetic YIG

designs shown in section 3.3.2.2. In order to conduct this study, the ferromagnetic
material must first be characterised and various simulations must be performed with
the results for subsequent adjustment.

• Adjustable coaxial system: Performance tests of the system presented in section 3.4.1
with the acquired stepping motor (the HT23-595 - NEMA 23 High Torque Step Motor)
and its controller (the STR2 - DC Powered Advanced Microstep Drive), and, later, with
the nanopositioner Cryo Linear Actuator CLA2603 device. Manufacturing and testing
of the second version of the previous system employing finger gaskets for reducing
the losses from radiation (see Figure 3.75).

• Ferroelectric elements: Experimental implementation of the ferroelectric KTO designs
(both as tuning and coupling element) presented in Chapter 4 with the help of the
Euclid Techlabs company [133]. Similarly to the ferromagnetic experiments, the KTO

films must first be electrically characterised and various studies must be conducted
with the outcomes for subsequent adjustment. In section 4.4 it is shown a setup de-
veloped in this work for this characterization. Once these investigations have been
carried out, the next step will be to adapt these ferroelectric systems to all RADES

haloscopes for future axion data campaigns. In addition, the study of cylindrical cav-
ity designs with ferroelectric elements has been reserved as a future line of research.
The adaptation of the techniques shown in section 4.1.1 employing ferroelectric films
close to the side walls would be investigated for cylindrical cavities. Figure 7.1a de-
picts a preliminary design developed at the end of this PhD thesis. On the other
hand, Figure 7.1b shows one of the investigated strategies, based on the division of
a cylindrical cavity into two halves with an interleaved geometry where a positive
and negative voltage (or GND) could be applied to each half to bias the KTO located
between them (avoiding the implementation of high resistivity contacts). Other geo-
metries, such as the one shown in Figure 7.1c, are also being studied to reduce the
effect on the surface currents while implementing choke sections at the ports to have
a simpler adjustment system for the input / output coaxial coupling. In this case,
the KTO would be positioned at the regions between the cavity walls, as in the case
depicted in Figure 7.1b. Finally, research is being conducted into the doping of KTO

materials with lithium, in order to decrease the ferroelectric permittivity to much
lower values (from 4500 to 500, for example), which would make electromagnetic
designs much easier.

• Multi-port combination for mode rejecting: Investigation of loop ports at tall struc-
tures for rejecting the TE121 resonant mode is also an interesting topic. In addition,
structures with more than two loops could be studied to cancel other TE1y1 modes,
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(a) (b) (c)

Figure 7.1: 3D models of the cylindrical cavity designs to be studied in a future for the implement-
ation of KTO ferroelectrics as tuning elements: (a) KTO films at sides, (b) design with
interleaved cuts, and (c) the Cake cavity idea with choke sections. The pink color repres-
ents the ferroelectric KTO. The bottom picture from (b) shows the inner section of the
design for the visualisation of the position of the ferroelectric material. (a) and (c) depict
the symmetric half of the structure, being the dashed regions the symmetry plane.

being y an even number, by strategically positioning these ports in the null E-field
regions of the mode. Additionally, the optimisation of the S11 level to achieve critical
coupling combining the 8 coaxial ports of the prototype shown in section 5.1 (see
Figure 5.7) has been left as pending work. Another future direction that has emerged
from this PhD thesis is to apply the investigations presented in this topic to a proto-
type with more and larger subcavities. Lastly, this research has resulted in the study
of a new design method, which is still being investigated, based on the usage of
pyramidal waveguide transitions (with geometry comparable to that of horn anten-
nas) to avoid excitation of resonant modes along the height in tall multicavities. The
combination of KTO films with these ideas is also a future line of work.

• Other studies: Development of the additional ideas (QuBits technology (section 5.2.1),
haloscope design in UHF and W bands (section 5.2.2), HTS haloscopes (section 5.2.3),
and BI-RME 3D method (section 5.2.4)).

• RF bandpass filters for satellite communications: Improvement of the transmission
parameter response in the manufactured prototype employing the folded evanescent
filter design presented in section 6.1.3.2. It is thought that the problem may stem
from a poor contact between the metallic parts of the housing. First of all, the dielec-
tric will be sanded for a better fit. If this method does not work, a new ABSplus part
would be produced with a more suitable size, which is a simple and inexpensive task
due to the low cost of 3D printing manufacturing. On the other hand, the production
of the asymmetric folded filter with transmission zeros shown in section 6.2.2 has
also been reserved as a future line. Prior to such fabrication, a re-optimisation must
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be applied considering the implementation of a tuning screw system, 30o waveguide
bend sections at the ports, and rounded vertical chamfers at the corners. Finally, the
design and fabrication of the structure presented in section 6.2.3 (horizontally folded
asymmetric filter with 6 resonators to obtain 4 transmission zeros) is also one of the
future lines of research of this PhD thesis.
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a.1 all-inductive 5-subcavities haloscope with horizontal cut
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Figure A.1: Body of the all-inductive 5-subcavities haloscope.
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Figure A.2: Cover of the all-inductive 5-subcavities haloscope.
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a.2 alternating 6-subcavities haloscope with horizontal cut

Dimensions in mm

Figure A.3: Dimensions of the alternating 6-subcavities haloscope.

a.3 alternating 30-subcavities haloscope with horizontal cut

Dimensions in mm

Figure A.4: Body of the alternating 30-subcavities haloscope.
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Dimensions in mm

Figure A.5: Cover of the alternating 30-subcavities haloscope.

a.4 all-inductive tall 4-subcavities haloscope with vertical cut
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unthreaded holes (21 on each side) of 6 mm diameter are for inserting the M6 screws, to join the 2 pieces symmetrically, except for the central ones, which are for alignment, 
where there must be pins for this purpose. The distance between all 6 mm diameter holes is 15 mm. All holes are through holes. The tolerances for position and size of holes 
is 20 microns. The 8 "half-moons" of radius 2.05 mm must be made once both structures have been fabricated and joined with all hardware and alignment pins, in order to 
avoid misalignment between the two parts in those sections. The "outer area" refers to all visible faces when the two symmetrical parts are joined together. The "inner zone" 
is all the inner faces that cannot be seen when the parts are put together.

 0.02

 0.02

Ra0.8

Dimensions in mm

Figure A.6: Symmetrical half of the all-inductive tall 4-subcavities haloscope.
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a.5 2d haloscope with M16 cross-coupling and vertical cuts
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Figure A.7: Lateral piece of the all-inductive 2D 6-subcavities haloscope with M16 cross-coupling.
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Figure A.8: Central piece of the all-inductive 2D 6-subcavities haloscope with M16 cross-coupling.
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a.6 all-inductive 5-subcavities haloscope with vertical cut
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a.7 modularity with transversal cuts
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Figure A.10: 2cav-Cap-ModuleEnd module of the modularity.
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Figure A.11: 2cav-Cap-ModuleCap module of the modularity.

a.8 hts haloscope with vertical cut
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Figure A.12: First half of the HTS haloscope.
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Figure A.19: More body details of the folded evanescent bandpass filter.
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Figure A.21: More cover details of the folded evanescent bandpass filter.
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A P P E N D I X I I : C R I T I C A L C O U P L I N G C O M B I N I N G
2 P O RT S

As it is explained in subsection 3.2.1.4, to obtain a critical coupling level (situation
with the highest axion-photon conversion sensitivity in a haloscope) in a cavity or
multicavity with a single port (or with two ports, with one of them very weakly coupled),
it must be configured in such a way that it provides a minimum S11 level or, in other
words, a value of β = 1. It was seen that this can be achieved by performing a sweep
of coaxial antenna lengths, in case of using this type of ports, until such a value is obtained.

On the other hand, as it is explained in section 5.1, when the combination of 2 or more
ports are desired with the phase matching method, in order to eliminate some unwanted
modes in the response of a haloscope, they must have the same characteristics (e.g. the
same antenna length).

To combine the above two concepts, i.e. to achieve the critically coupled case when
combining ports, a slightly more complex analysis must be performed. In this PhD thesis,
the study of this analysis has been carried out for the case of combining two ports. For
this porpoise, the one-port scenario is reviewed. Figure B.1 depicts the circuit of this case.

R

C

L

Zin

Z0Z0 K01

Port 1

Figure B.1: Series RLC resonant circuit with a Z0 port and an impedance inverter of value K01 to
model the external coupling.

From [74] it can be extracted that

Zin =
K2

01
R

, (B.1)

at the resonant frequency, where Zin is the input impedance from the port to the circuit
(including the external coupling plus the RLC resonator), K01 is the value of the impedance
inverter, and R is the resistance value of the resonator and models the resonator losses.
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On the other hand, the reflection scattering parameter S11 can be related with the input
impedance by [69]

S11 =
Zin − Z0

Zin + Z0
, (B.2)

where Z0 is the characteristic impedance of the port (50 Ω is our case). For a critical
coupling scenario, it is needed that S11 = 0 at resonance. This implies that

Zin = Z0 =
K2

01
R

. (B.3)

Therefore, it is obtained a critical coupling with

K01 =
√

Z0R. (B.4)

From equation B.4 it can be seen that for a lossless resonator (R = 0) there is no solution.

Now, considering the case with two symmetrical and equivalent ports, the circuit from
Figure B.2 should be analysed.

R CL

ZA

Z0 Z0 Z0Z0 K01' K01'

Figure B.2: Series RLC resonant circuit with two Z0 ports and two impedance inverters of value
K
′
01 to model the external couplings.

Unlike in the case of one port, the impedance inverter now has a K
′
01 value. In addition,

the parameter ZA from this scheme is the impedance as viewed from the resonator to the
right side (including the second impedance inverter and port), and it can be expressed as

ZA =
K
′2
01

Z0
. (B.5)

At resonance, this circuit is converted into the scheme shown in Figure B.3 , where its
input impedance is computed as

Zin =
K
′2
01

R + ZA
=

K
′2
01

R +
K′201
Z0

=
K
′2
01Z0

RZ0 + K′201
. (B.6)

As the desired situation is to obtain K01 = K
′
01, employing equation B.4, it is extracted

that

Zin =
Z0RZ0

RZ0 + Z0R
=

Z2
0 R

2Z0R
=

Z0

2
. (B.7)
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R

ZA

Zin

Z0Z0 K01'

Figure B.3: Conversion of the circuit from Figure B.2 into a series R circuit with a Z0 port, an
impedance inverter of value K

′
01 to model the external couplings, and the impedance

ZA. This scenario is valid at the resonant frequency.

With this, and utilising equation B.2, the final S11 value (at resonance) can be obtained
as

S11 =
Z0/2− Z0

Z0/2 + Z0
=
−Z0/2
3Z0/2

= − Z0

3Z0
= −1/3 = −0.33. (B.8)

It is important to note that the sign of this parameter is important for obtaining the
critical coupling case (a condition S11 = 1/3 would only work at the parallel RLC circuit
analysis). In terms of magnitude in dB and phase in degree, this parameter acquires the
value of |S11| = −9.5 dB and φS11 = 180o.
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