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ABSTRACT Tuning is an essential requirement for the search of dark matter axions employing haloscopes
since its mass is not known yet to the scientific community. At the present day, most haloscope tuning systems
are based on mechanical devices which can lead to failures due to the complexity of the environment in which
they are used. However, the electronic tuning making use of ferroelectric materials can provide a path that
is less vulnerable to mechanical failures and thus complements and expands current tuning systems. In this
work, we present and design a novel technique for using the ferroelectric Potassium Tantalate (K7aO3 or
KTO) material as a tuning element in haloscopes based on coupled microwave cavities. In this line, the
structures used in the Relic Axion Detector Exploratory Setup (RADES) group are based on several cavities
that are connected by metallic irises, which act as interresonator coupling elements. In this article, we also
show how to use these K7aO3 films as interresonator couplings between cavities, instead of inductive or
capacitive metallic windows used in the past. These two techniques represent a crucial upgrade over the
current systems employed in the dark matter axions community, achieving a tuning range of 2.23% which
represents a major improvement as compared to previous works (<0.1%) for the same class of tuning systems.
The theoretical and simulated results shown in this work demonstrate the interest of the novel techniques
proposed for the incorporation of this kind of ferroelectric media in multicavity resonant haloscopes in the
search for dark matter axions.

INDEX TERMS Axion detection, axion-photon interaction, dark matter, ferroelectrics, haloscope, KTO,
microwave resonator, STO, tuning.

I. INTRODUCTION
In recent years there has been a high interest for the search
of axions and other particles compatible with the Standard
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Model which could be part of dark matter. Axions, particles
predicted by Weinberg [1] and Wilczek [2] could also solve
the strong Charge Conjugation-Parity problem [3].

Several experimental groups have developed in the last
30 years structures for the detection of such particles [4]
based on the inverse Primakoff effect [5]. This kind of
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detectors are divided into several types: light-shining-through
wall experiments, which create artificial axions at the
laboratory; helioscopes, which search for axions from the Sun
(plasma photons in the solar inner layers); and haloscopes,
which search for axions in the galactic halo. These systems
use the axion-photon conversion effect driven by the action of
a powerful external static magnetic field. For the latter, this
coupling is enhanced when it occurs in a resonant device like
a microwave resonant cavity, as described in [6].

In the last five years, the RADES group has worked with
this concept, studying, designing, manufacturing, and taking
data with axion detectors (haloscopes) searching for dark
matter axions of masses around ~34 peV, although the Ultra
High Frequency (UHF) band is now also being investigated
for new haloscope designs.

The whole axion-search system is based on several
components. First, due to the extremely low axion-photon
coupling a cryogenic environment (few Kelvin) is needed to
decrease the thermal noise. Second, the RADES haloscopes
are connected to a receiver which amplifies, filters and
down-converts the received radio frequency (RF) power with
very low noise levels. And third, the receiver carries out the
Analog-Digital conversion and the Fast Fourier Transform for
the post-processing of the data taking [7].

The main objectives for an efficient axion detection system
are to maximize the power converted from the axion-photon
coupling, to increase the analysed axion mass range (and
its scanning frequency rate) as well as to optimize the
haloscope sensitivity. The RF power detected (P;) depends
on properties intrinsic to the axion and on the experimental
cavity parameters, namely [7]:

Pe = kg, 2B v, )
mg

where « is the coupling to the external receiver (¢« = 0.5 for
critical coupling operation regime), gq, is the unknown
axion-photon coupling, p, is the dark matter density, m, is the
axion mass, B, is the external static magnetic field (depends
on the magnet used for the experiment), C is the form factor,
V is the volume of the cavity and Q) its loaded quality factor.
The unloaded quality factor Qg is also commonly used in
the characterization of resonant cavities since, contrary to Qy,
it is independent on the external coupling [8], [9]. The form
factor (C), which measures the coupling between the external
magnetostatic field and the RF electric field induced by the
axion-photon conversion can be expressed as:

B | [y E-BedV|?

[y |Bel2dv [, e, |E[2dV’
where ¢, is the relative electrical permittivity within the
cavity of volume V. A measure of the sensitivity of the
haloscope is the axion-photon coupling that can be detected

for a given signal to noise ratio (1%), which can be obtained
by
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where kp is the Boltzmann constant, Ty the noise temper-
ature of the system, Ar the data taking time window, and
Q, the quality factor of the axion resonance [7]. In summary,
the parameters that can be controlled in the haloscope design
are k, C, V and Q;.

The frequency tuning in a haloscope is an extremely
important feature because the axion mass is unknown. The
data taking will be based on scanning a specific mass range of
the whole spectrum, so a frequency shifting procedure will be
needed. This work is focused on a system for improving the
tuning in order to be able to easily scan a specific axion mass
region using ferroelectric media. In addition, the scanning
rate d;';" is generally used to measure the performance of a
haloscope, which can be obtained from 3 [7]:

2
B = 0,0 g, (22) BECPVE (§hsT)
“

So far, all the tuning mechanisms employed by halo-
scope experiments are based on mechanical systems. The
ADMX [10], HAYSTAC [11] and IBS/CAPP [12] collab-
orations use cylindrical cavities with one or more rods.
The tuning is accomplished by rotating these metallic rods
inside the cavities, which affect to the electromagnetic field
distribution of the resonance inside the cavity thus modifying
the resonant frequency of the desired mode. The rotational
movement of the rod system is obtained by a series of gears
connected to a driven motor or by means of piezoelectric
actuators. In the case of the QUAX experiment [13], movable
sapphire shells are used to change the resonant frequency of
the cavity. On the other hand, the CAST-CAPP/IBS group
uses two movable dielectric sapphire plates placed in parallel
and symmetrically at the cavity sides [14]. Also the RADES
group has studied a mechanical tuning mechanism based
on splitting the haloscope in two identical halves which
can be moved symmetrically to increase the effective width
dimension of the cavities, thus modifying the axion frequency
search range [15].

In 2018, Euclid Techlabs [16] proposed to implement
a KTO ferroelectric tuning system for dark matter axion
searches in the RADES and ADMX projects. Euclid proposed
to use K7aO3 as a tuning element, a ferroelectric crystal
that exhibits excellent tuning parameters and very low
loss tangent (tand =~ 10~° at X-band, while for the
standard Strontium Titanate (SrTiO3 or STO) material it is
~1073) at cryogenic temperatures [17]. Euclid carried out
electromagnetic simulations to study the KTO permittivity
value and its variation inside an 8 GHz test cavity. Euclid
is currently working to manufacture a small prototype of the
test cavity with a ferroelectric element, and to characterize
the small test cavity in the 2 - 10 K range in order to
experimentally verify the expected permittivity value, its
tuning range, and its loss tangent.

Ferroelectrics are non-linear dielectrics with high relative
permittivity values widely employed in high-density com-
mercial decoupling capacitors, acoustic-electronic transduc-
ers, and MEMS [18]. Its permittivity can be modified by
applying an external static electric field (or also varying the

30361



IEEE Access

J. M. Garcia-Barcelo et al.: On the Development of New Tuning and Inter-Coupling Techniques

temperature), which is the most important attribute of some
perovskites that make them attractive for agile microwave
components (such as varactors, tunable RF filters, and phase
shifters).

In this manuscript, firstly, we propose novel techniques
of electrical tuning systems for axion dark matter searches
studied in the RADES project scenario. In contrast to
mechanical tuning, electrical tuning can provide a system
that is less prone to mechanical failures (it avoids movable
parts in a cryogenic environment, for example) and thus
complements and expands existing techniques. In addition,
the mechanical tuning does not behave well in scalability
when these haloscopes are designed at higher frequencies
(for example from X-band to Ku-band). This issue might be
solved with the electrical tuning systems proposed in this
work. For example, if metal rods are used for tuning, they
will need to be larger or smaller depending on the size (or
frequency) of the cavity, and the motors / piezo actuators
providing the mechanical motion will need to deal with
different weight levels. Moreover, at very high frequencies,
these mechanical systems become very small, with very small
manufacturing tolerances. With the system proposed in this
paper, this task is made easier since only films, larger or
smaller depending on the size of the haloscope, and a variable
DC biasing (or undergoing a change in temperature) are
needed. On the other hand, the ferroelectric tuning systems
could provide a simple and reliable complementary method
(to the mechanical tuning systems) of fine tuning for the
future high frequency multicavity systems.

Different tuning technologies have been explored in the
literature by the authors to implement an electrical tuning
system in our haloscopes: ferromagnetics, ferroelectrics, lig-
uid crystals, piezoelectrics, microelectromechanical systems
(MEMS), composite ceramics based on mixtures of ferro-
electrics and semiconductors (varactors) [19]. The ADMX
experimental group has also been exploring the injection of
superfluid helium into a cavity as a tuning element [20],
which is also based on modifying the permittivity of the cav-
ity medium and shifting the axion frequency. This technique
has been proven to work well at cryogenic temperatures [21].
However, due to the high requirements imposed in an
axion detection system (cryogenic temperatures, high static
magnetic field level, and low losses), the most promising
is the ferroelectric technology, which could work in this
environment. This kind of dielectric material provides a
permittivity change with temperature or bias DC voltage,
so the idea is to load the haloscope with such material and
then modify its relative electric permittivity ¢, to produce a
frequency shift. As a first order approximation, we can use
the equation of the resonant frequencies of a completely filled
homogeneous rectangular cavity:

c \/ my2 ny2 1\?
fmnl:Z\/TT (z) +(Z) +(E) ) 4)

withm = 0,1,2,..;n = 0,1,2,..;1 = 1,2,3,..;
being m and n not zero simultaneously, where f,,,; is
the resonant frequency for a TE,,;; mode in a rectangular
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FIGURE 1. Two types of iris couplings: inductive window (a), and
capacitive window (b). The pictures show the symmetric half of each one,
being the dashed regions the symmetry planes.

cavity, ¢ the speed of light in vacuum, u, the relative
magnetic permeability, and a, b, and d the dimensions of
the rectangular cavity (width, height and length). Equation 5
is also valid for TM,,,;; modes, but the indexes m and n
cannot be zero, and only the index / can be zero. The TE¢;
fundamental resonance has been used in RADES for a dipole
magnet scenario (CAST at CERN [22]). We use this mode
to conceive the haloscopes proposed in this work. As it can
be seen, the resonant frequency is inversely proportional to
the square root of the relative permittivity (fi,; o Ler),
so the higher the ferroelectric relative permittivity, the lower
the haloscope frequency (and the axion mass to be scanned).
This permittivity variation modifies the distribution of the
electromagnetic field inside the cavity, which is the effect that
is exploited in this work for the tuning. In section II this effect
is studied.

The second idea studied in this paper due to the high
variation in the permittivity provided by ferroelectric films,
is its use as interresonator coupling elements in multicavity
haloscopes. In the RADES group [7] rectangular waveguide
cavities connected by iris couplings have been used in the
past for the haloscope designs. The coupling between cavities
can be obtained by inductive or capacitive irises (see Fig. 1),
which also determines the sign of the coupling [19], [23].
Thus, the size of the irises controls the amount of coupling
between adjacent cavities. This interresonator coupling is
mainly used for improving the mode separation between
the axion resonance and its neighbours, so a good coupling
element should be able to effectively control the amount and
the sign of the coupling between adjacent cavities.

These interresonator irises tend to give problems during
manufacturing, especially if both types (inductive and
capacitive) are combined in a single structure [24]. In this
case, the fabrication requires fully 3D machining techniques
involving several cut planes. In previous RADES experiments
the poor contact between metallic surfaces has led to a
degradation in the flowing of the surface currents, and
therefore to the deterioration of the unloaded quality factor.
The use of ferroelectric films provides an efficient way to
avoid these drawbacks, as both signs of the couplings can
be obtained very easily with KTO films placed inside the
fabricated rectangular housing without the need to cut at
regions of high surface current levels.

On the other hand, thanks to the ability to adjust the
permittivity, these new interresonator couplings allow fine
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tuning of the coupling due to possible errors caused by
manufacturing tolerances and misalignment of the films
inside the rectangular housing. This can provide an efficient
adjustment mechanism of the mode separation, which could
otherwise cause an important deterioration of the response in
a regular haloscope cavity.

In section II we first briefly review the main properties
of ferroelectric materials, and then we describe our novel
proposal to use them as tuning elements in cavity haloscopes
for alleviating the issues reported in [25] and [26], like the
limited tuning range. In section III the use of ferroelectric
materials as interresonator coupling elements is explored
for the design of a reconfigurable haloscope, that controls
the mode separation. In section IV we comment some
interesting practical considerations for the correct biasing
of the ferroelectrics. Finally, in section V we expose our
conclusions and discussion of future prospects.

Il. THE KTO FERROELECTRIC AS A TUNING ELEMENT
There are more than 300 ferroelectric materials available,
but the most widely used is the Barium Strontium Titanate
(Ba,Sr;_,TiO3 or BST) which operates in paraelectric phase
at room temperatures (~297 K) [27], [28]. For cryogenic
temperatures, the STO was previously used by the axion
research group of ADMX-Fermilab that has investigated
ferroelectrics as a tuning element for the ADMX project [25],
[26]. The Fermilab project focused on exploiting the novel
electronic properties of nonlinear dielectric materials such as
Strontium Titanate to build electronically tunable detectors
for axion dark matter experiments. The group has produced
and tested a number of thick-film STO samples on quartz and
sapphire substrates using several film deposition techniques.
The frequency shifts and the corresponding dielectric permit-
tivity changes were not of the expected magnitude. A tuning
range of less than 0.1% was achieved by ADMX [25], [26]
(very far from the tuning ranges achieved in many haloscope
experiments using mechanical tuning systems, >1% [10],
[11], [12]), and the losses produced a reduction of more than
90% in the unloaded quality factor.

The KTO material is an incipient ferroelectric material
with properties very similar to those of STO and Calcium
Titanate (CaTiO3 or CTO) [29]. Although KTO and STO
have many similarities, the first material maintains the cubic
structure at very low temperatures just decreasing its loss
tangent between room temperature and 5 K although this
is not the case for the STO material [17], [29]. These
lower losses make KTO single crystals interesting for the
development of microwave tuning systems at cryogenic
temperatures.

It should be noted that KTO single crystals have not
been comprehensively studied below 4 K [17]. In [17],
the microwave dielectric properties of high purity KTO
ferroelectrics have been measured at T = 4 K using
a cylindrical sample as TEy,; and quasi-TE(;; dielectric
resonators. In comparison with single-crystal Sr7iOs, the
KTaO3 does not undergoes a phase transition at cryogenic
temperatures. KTO remains paraelectric down to 5.4 K,
which is consistent with theoretical predictions. A decrease of
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the dielectric loss tangent with temperature from 300 to 4 K
over the frequency range from 1 to 10 GHz was demonstrated
in [17]. The single crystal KTO loss tangent and dielectric
constant, grown from the materials 7a,Os (with a purity
of 99.993 %) and K2CO3 (99.999 % pure), were measured
in [17] resulting in the range of tand ~ 10™* and &, ~
4500 at 5 GHz and at cryogenic temperatures. On the other
hand, the tuning range of KTO crystals can be found in [30].
At zero bias, the dielectric constant increases to about such
value (¢, = 4500) on cryogenic cooling (from ~ 10 to 4 K),
but saturates at liquid helium temperatures [17].

In summary, KTO at cryogenic temperatures could allow
the development of an electronic tuning system with very low
losses.

A. RECTANGULAR HALOSCOPE TUNING WITH
FERROELECTRICS

Once we have clarified the properties of these materials,
we describe the proposed system to use KTO as tuning
elements in rectangular cavity haloscopes. For this purpose,
the first step is to find the best position of KTO objects
(with a particular geometry) inside the cavity, in order to
provide a good frequency tuning range and to reduce the
impact on other parameters such as the form factor and the
quality factor. The optimal position of such ferroelectric items
must be sought in order to avoid a strong concentration of
electromagnetic field within and around the KTO. This task
represents a great challenge due to the very high dielectric
constant value of KTO, specially at low temperatures. For
example, if we place a high-permittivity pill at the bottom
centre of a rectangular cavity (see Fig. 2a) the electric field
is curved and tends to be concentrated in the vicinity of the
material for high values of the dielectric constant (in this
case 50), as shown in Figures 2b and 2c; this behaviour is
denoted as dielectric resonator which has been extensively
studied in the microwave engineering literature [31], [32].
In Table 1 the resonant frequency, the unloaded quality factor
Qo and the form factor C are listed for several dielectric
constant values in this system. Note how the form factor for
& = 1 is equal to the one for the cavity without dielectrics
for the TEj9; mode: C = 64/7* = 0.657, which can be
obtained analytically from 2. Despite the good frequency shift
achieved for ¢, = 50 it can be observed how the quality and
form factors are significantly decreased. This result clearly
indicates that this position and shape for the KTO, which
in practise has very large dielectric constant values (close to
& = 4500), should be avoided.

After performing manually extensive optimization opera-
tions involving geometrical shapes and positions within the
cavity (see examples in Fig. 3), we finally obtained a tuning
system concept based on thin (/; ~ 500 micrometer, being /;
the thickness of the KTO) ferroelectric films, located close to
the cavity side walls (see Fig. 4a) that provides good results
in terms of quality factor, form factor and tuning frequency
range.

Note here how the thickness of the metallic housing walls
has been displayed, while for the rest of the models in the
previous figures it is omitted. The haloscope depicted in
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(b)

(©)

FIGURE 2. Cavity loaded with a dielectric pill (modeling a high
permittivity material) at the centre: (a) 3D view, (b) electric field in a
cross-section for ¢, = 1, and (c) for ¢ = 50. In this case, the dielectric
behaves as a dielectric resonator. Simulation results obtained from the
Computer Simulation Technology (CST) Studio Suite software [33].

TABLE 1. Characteristics of a rectangular cavity (with a = 22.86 mm,

b =10.16 mm and d = 28.5 mm) loaded with a lossless dielectric pill
(rpiyr = 4 mm, hpj;; =2 mm) placed at the middle of the cavity (modeling
a high permittivity material) for several dielectric constant values.

An electric conductivity o = 2 x 102 S/m is assumed for the metallic
housing. Simulation results obtained from CST [33].

[er [fr@GH) | Qo [ C ]

1 8.406 4.5 x 107 T 0.657
2 8.249 4.5 x 10* | 0.624
5 8.070 4.5 x 107 | 0.589
10 7.972 4.5 x 107 | 0.573
20 7.903 4.4 x 107 | 0.554
30 7.865 4.3 x 10T | 0.540
40 7.819 4 x10% 10509
50 7.710 3x10% | 0.386

Fig. 4a is a single cavity with two KTO films separated
1.8 mm from the side walls. For this example, the WR-90
rectangular waveguide section (¢ = 22.86 mm and
b = 10.16 mm), which works at X-band frequencies (our
frequency region for this study), is used.

The analytical study of this cavity is not straightforward
since a numerical resolution of a transverse resonance
equation is needed to model a structure containing a partially
loaded rectangular waveguide section [8]. As an alternative,
we perform the design using the electromagnetic (EM)
simulation tool CST [33] on the frequency domain. Another
issue that is found in the design of the structure is the high

30364

FIGURE 3. Examples of geometrical shapes and positions studied for the
KTO in our tuning system. These configurations provide non-optimum

results in terms of quality factor, form factor and tuning frequency range,
and were discarded as viable solutions for tunable haloscopes.

Jisnauunnat
[T,

E, <0

(a) (b)
FIGURE 4. (a) Model based on a resonant cavity with two coaxial ports.
The picture shows the symmetric half, being the dashed region the
symmetry plane. Ferroelectric KTOs are depicted in pink colour. The
length of the cavity /¢ is adjusted to operate at the central working
frequency. Iy is the distance of the ferroelectric film to the wall and ¢ is
the thickness of the cavity housing. The input / output coupling is
controlled by the coaxial pin connector length (which is based on SMA
type). (b) Transverse image of the vertical component of the electric field
of the modified-TEs,; mode at the resonant frequency cavity with the
outermost lobes (shown in blue dashed lines) inside the KTOs; note that
the electric field is positive in the central region (shown in red dashed
lines) whereas it becomes negative inside the dielectric media and
beyond them (see blue dashed lines). Note that due to the strong
concentration of the lateral lobes inside the KTOs, the modified-TEsg,
strongly resembles the original TE;o; mode in a rectangular cavity.

computational cost needed for the numerical characterization
due to the presence of objects with a very high dielectric
constant which leads to a significant number of mesh
tetrahedrons cells in the dielectric material in order to achieve
good numerical accuracy. The solution for this drawback was
the use of adaptive meshing in CST, and the consideration
of electrically very thin ferroelectric films. Alternatively, the
structure was also modelled using FEST3D [33], a software
tool which employs an integral equation technique efficiently
solved by the Method of Moments (MoM) and the Boundary
Integral-Resonant Mode Expansion (BI-RME) method. The
use of these two full-wave modal electromagnetic simulators
serves as validation of the numerical results obtained in the
different designs of the ferroelectric haloscopes.

The key idea to conceive this kind of system is based
on starting with the TE30; cavity mode, which is perturbed
by the high KTO permittivity value to make it to resemble
the original TEj9; mode, increasing the form factor. The
concept is shown in Fig. 4b. This new mode is called the
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modified — TE3p mode, where two of the three variations
of the electric field along the width axis are very narrow due
to the high permittivity value of the KTO films (see blue
dashed lines in Fig. 4b), while the central lobe is stretched
along most of the vacuum section of the waveguide (this is
depicted with red dashed lines in Fig. 4b). To achieve this, the
electrical thickness of the ferreoelectric films must be close to
the guided half-wavelength since this is the distance between
two minimums of the transverse standing wave pattern. This
is calculated as [8]:

KTO
Ag Ao

T T 2 e G

l = = c 5
d 2fo /o N I=GETO [ fo)2
6)

where )\gm is the guided wavelength at the KTO region,
Ao = c/fy the free-space wavelength, K70 = ¢/(2l../¢;)
the cut-off frequency of the TE|p mode at the KTO region,
and fy the operation frequency. The expression of f. has
generally the a (cavity width) parameter in the denominator.
However, in this case we use the cavity lenght (I/.) because a
transverse resonance equation analysis is being employed for
considering the x-axis as the propagation axis for the TE|q
mode, and thus model the standing wave pattern along this
axis.

The variation of the KTO permittivity value effectively
controls the position of the lateral lobes of the modified-
TE301, providing a good tuning range as will be proved in
the next subsection. At the same time, it avoids the reduction
of the form factor due to the small region where the electric
field takes negative values (see blue dashed line in Fig. 4b).

The relative permittivity range assumed in this work varies
from &, = 3000 to 5000. However, this concept is scalable
to any other situation which may be useful in the case that
manufacturing tolerances of the ferroelectric material result
in a different useful range. Also, in section I we commented
that the KTO losses are tand = 107°; however tand =
10~ is used in simulations to be more conservative in order
to take into account future extra losses in real prototypes.
For the electric conductivity of the metallic housing copper,
acryogenic value of o = 2x 10? S/m is employed. It provides
a Qo value around 4 x 10* for the rectangular cavity used in
this work [24].

B. RESULTS FOR THE KTO PLACED AT THE CAVITY SIDE
WALLS

As an example, we have optimized the model from Fig. 4a
at the operation frequency fy = 8.5 GHz. This leads, using
6, to a KTO thickness from I[; = 250 um (for &, = 5000)
to Iy = 322 um (for &, = 3000), as initial values. On the
other hand, the length of the cavity /. is set to have a
resonant frequency of 8.5 GHz for the TE19; mode, without
ferroelectrics, that is, [, = 26.97 mm with a cavity width of
a = 22.86 mm and height » = 10.16 mm.

Now, in order to select the best film thickness (I;) and
separation from the walls (/,), an optimization process is
followed, modifying slightly the values of /; and [, (see
Fig. 4), to find the highest tuning range with the best quality
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FIGURE 5. Parameters of the model from Fig. 4 as a function of the
dielectric constant for tan § = 10~4. (a) Resonant frequency. (b) Unloaded
quality factor. (c) Form factor. (d) Figure of Merit. Simulation results
obtained from CST [33].
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FIGURE 6. Dependence of the unloaded quality factor Q, with the
frequency in the model of Fig. 4. Simulation results obtained from
CST [33].

and form factors. Asitis explained in section I, the parameters
that are analysed for the performance of a haloscope design
are k, V, C and Q. More specifically, following 4 and taking
into account that ¥k and V remain unchanged during the
design, a convenient figure of merit is FM = Qg C2. After
performing an optimization process based on maximizing
FM (as in [24]) and the tuning range, an optimum design is
obtained with /; = 235 um and /,, = 1.88 mm. In Fig. 5 the
tuning range, unloaded quality factor, form factor and figure
of merit parameters are shown for the previous configuration.
With these values a 700 MHz frequency (7.2 %) tuning range
is achieved with an almost constant C = 0.52 for all the
tuning range and with Qg € [10%, 5.5 x 10*] (see Fig. 5).

From the results displayed in Fig. 5a and 5b, it can be
extracted the plot shown in Fig. 6 that depicts the dependence
of the unloaded quality factor with the frequency: the higher
the frequency shift (towards lower frequencies), the lower the
quality factor.

If the drop in the unloaded quality factor is not acceptable,
the system can be designed with a reduced range &, €
[3000, 4200], which provides a tuning range of 2.23%
(216 MHz) with an unloaded quality factor higher than
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FIGURE 7. (a) Model based on an all-inductive four-subcavities haloscope
with a coaxial port at each end cavity. (b) S,; scattering parameter
magnitude as a function of the frequency for two different values of the
relative permittivity, showing a shift in the resonant frequency of
36.5 MHz. The width and height of all the cavities are a = 22.86 mm and
b = 10.16 mm, respectively, the length of the two end cavities is
lext = 26.97 mm, the length of the two inner cavities is /;;, = 26 mm, and
the thickness and width of the three inductive irises are ¢t = 2 mm and
a; = 9 mm, respectively. Simulation results obtained from CST [33].

Qo = 2.1 x 10*, being a competitive value for axion searches
at this frequency [24].

C. RESULTS FOR A MULTICAVITY HALOSCOPE
A haloscope composed of four cavities coupled with
inductive irises has been designed with this ferroelectric
technique using the standard WR-90 rectangular waveguide
section (see Fig. 7a) based on ¢ = 22.86 mm and b =
10.16 mm. In this case, we have employed in all subcavities a
KTO thickness of [; = 250 um with ,, = 1.5 mm, obtained
again from an optimization procedure based on maximizing
FM and the tuning frequency range, as in the cavity from
the previous section. Fig. 7b shows the responses obtained
for two different values of the relative permittivity, 3000 and
3600. These results show that the resonant frequency has
shifted by 37 MHz (0.4%) which establishes the basis towards
the demonstration that this system can be used for the design
of real tunable haloscopes based on multicavity structures.

For this relative permittivity range ¢, € [3000, 3600]
we have obtained an unloaded quality factor change of
Qo € [3.8 x 104, 4.6 x 10*], and a form factor variation
of C € [0.49, 0.509]. It is worth noting that this permittivity
range provides, in the first example (model of only one cavity
shown in Fig. 4a), a figure of merit FM of the same order of
magnitude. In addition, when &, increases, it hardly affects to
the form factor due to the small volume of the KTO.

Finally, in Fig. 8 the electric field pattern for ¢, = 3000 in
both designs is observed: one cavity and four-subcavities
models. In these images a strong colour scaling has been
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&, = 3000

FIGURE 8. Electric field (vertical component) for &, = 3000 in the models
(a) one-cavity and (b) four-subcavities. (c) Zoom at the KTO area to
observe the positive / negative transition of the modified-TE53; mode
inside the one-cavity model (a) with a transversal cut at the center of the
cavity length with &, = 3000 and ¢, = 5000. x; < x,, where x; and x, are
the lengths of the positive E-field regions inside the KTO for

er = 3000 and ¢, = 5000, respectively. Simulation results obtained from
CST [33].

applied to correctly appreciate the negative electric field at the
ferroelectric area. Without this scaling, small levels of electric
field would be observed around the inductive couplings,
indicating that this is the correct mode configuration. As it can
be seen, the axion mode is the modified-TE3o one for both
cases. For higher permittivity values, the central lobe of the
electric field (positive value, or red colour in Fig. 8c) is more
concentrated at the ferroelectric material. This small change
in the electric field pattern of the mode provides the required
resonant frequency shift leading to the change in the axion
search frequency.

Ill. THE KTO FERROELECTRIC AS AN INTERRESONATOR
COUPLING ELEMENT

Next we will see how ferroelectric KTO films can be used
instead of iris windows (Fig. 1) as interresonator coupling
elements between adjacent cavities in a multicavity halo-
scope. The iris windows often cause problems in the quality
factor when manufacturing due to fabrication tolerances and
cuts in regions with high surface current levels, leading in
some cases to misalignment issues and low Qps. With the
use of ferroelectric films only one cut (on a plane with a low
surface current level) would be necessary for manufacturing
the housing, introducing narrow slits to place the dielectric
elements at the proper position inside the metallic box.

A. MODELLING
Fig. 9 shows the structure that is used to examine the effect of
KTO ferroelectrics as interresonator couplings in rectangular
waveguides. It consists of two waveguide sections of length
lpors connected by a KTO film of thickness [;. Waveguide
ports are used here instead of coaxial ports in order to simplify
the modelling of the structure.

In order to analyze this system we can develop a simple
single-mode transmission line model (see first circuit of
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FIGURE 9. Characterization of a ferroelectric KTO as a coupling element.
The system is based on three waveguide sections: the first and last ones
are hollow waveguides (¢ = ), and the second one corresponds to the
KTO (¢ = ¢q ¢r) filling homogeneously the height and the width
dimensions. The waveguide dimensions are those of the WR-90 standard
rectangular waveguide. The length of the KTO (/4) and its relative
permittivity (¢r) control the coupling. The variable I, is the distance of
the KTO to the reference plane of both ports.
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FIGURE 10. Analysis of the system with transmission lines using a single
mode representation. From top to bottom: three transmission lines, KTO
as LC resonator, KTO as inductive coupling (f < fx70). and KTO as
capacitive coupling (f > fizg)-

Fig. 10). The hollow waveguide regions are represented by
the first (1) and the last (3) transmission lines filled with
vacuum (¢ = ¢gp), while the KTO film is depicted by
the central transmission line, representing an homogeneous
medium with permittivity ¢ = ¢&g¢&,. The characteristic
impedances for the three lines (Zy and Z;) are the modal
impedances of the fundamental mode (TEj¢) in each region,
given by [8]:

2nfuo 0/
where g; is the propagation constant of the fundamental mode
(TEp) giving by B; = (2m)/Agi (being i = d for line (2) and
i = 0 for lines (1) and (3)), foi = ¢/(2a./ey) is the cut-off
frequency of the TEjp mode in each waveguide region, and
n = /1o/eo == 1207 Q the free space impedance.

(N

Zi =7 T1E, =
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Due to the high relative permittivity change between the
KTO (medium (2)) and the hollow waveguide (media (1)
and (3)), a high impedance step between ferroelectric and
vacuum appears. In this situation, the central transmission
line behaves as a resonator when its length is close to half
guided wavelength (I; = Agk70/2) [8]. This situation can be
represented with a parallel lumped LC resonator, as shown in
the second circuit of Fig. 10, which resonates at frequency
fxTO #LT’ where L and C are the inductance and
capacitance values, respectively.

For f < fxT0, the admitance (the inverse of the impedance,
Y = 1/Z, usually employed in the analysis of parallel
circuits) of the inductor (Yz #) is larger than the
admitance of the capacitor (Y¢ = j2nfC), leading to an
inductive behaviour. In fact, for these frequencies the current
of the circuit circulates mainly through the inductive com-
ponent. Therefore, the KTO acts as an inductive coupling,
as shown in the third circuit of Fig. 10. Analogously, for
f > fxro the KTO acts as a capacitive coupling (see fourth
circuit in Fig. 10). On the other hand, note that the relative
permittivity of the KTO can be used to easily change its
resonant frequency fxro. This can be used to conveniently
adjust the frequency regions where the KTO behaves as
inductive or as capacitive coupling. This will be elaborated
further in the next subsection, when we design the KTO as
coupling element introducing some examples.

Taking the model of Fig. 9, we have characterized its
behaviour by analyzing the first circuit of Fig. 10, from where
the scattering parameters can be extracted with the following
equations:

S _Zl' -7 ®)
e Zin +ZO’
(14 S11)(1 4 pp)e 7 Pala
S = ) )
L+ p1

where S;; and Sp; are the reflection and transmission
parameters, respectively, Z;, is the input impedance, Z is
the characteristic impedance of lines (1) and (3), p2 is the
reflection coefficient of line (3) referred to line (2), j =
/=1 is the complex imaginary unit, 8, is the longitudinal
component of the propagation vector in medium (2), given
by Ba = (2m)/Aea, and py is the reflection coefficient at
the input referred to line (2). Agqy can be computed with 6
employing the KTO cut-off frequency as fCKTO = c/(Qa./s;).
Zip is calculated using transmission line theory as follows:

Zy+jZg tan(By lg)
Zin = Zd - .
Zg +jZy tan(By ly)

(10)

B. RESULTS FOR THE KTO AS COUPLING ELEMENT

Using the equations from subsection III-A and taking as
example &, = 4000 and [y = A;/2 = 279 um for a KTO
resonance at fx7o = 8.5 GHz, the results shown in Fig. 11
are obtained. As it was discussed in the previous subsection,
for f < fxro = 8.5 GHz, the coupling is inductive and
for f > fxkro = 8.5 GHz, the coupling is capacitive. It is
evident that by adjusting the KTO resonant frequency fx7o,
the frequency regions where the film acts as inductive or
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FIGURE 11. Magnitude of the scattering parameters from the model of
Fig. 9 using 8 and 9. The KTO film behaves as inductive coupling in the
region f < fyo while it acts as capacitive coupling in the region f > fy7o.

b2

1port

FIGURE 12. Model based on two resonant cavities connected by an
interresonator coupling implemented by the dielectric KTO film. The input
/ output couplings are implemented with standard inductive windows.
The picture shows the symmetric half, being the dashed region the
symmetry plane. The dimensions are the same as the model from Fig. 9,
but using Ipo.s of 8 mm. The length of the cavities /¢ is set for a desired
working frequency fy = 8.42 GHz, while the thickness of the KTO /; is
adjusted to have its resonant frequency fi7o above or below the working
frequency in order to implement either inductive or capacitive coupling.
The input / output iris width is fixed small (a; = 5 mm) for reducing the
load effect.

capacitive coupling can be easily tuned. The adjustment of the
KTO resonant frequency can be easily achieved by changing
its thickness (/) or / and the relative permittivity (g,).

For the RADES designs the extraction of the so-called
physical coupling & value is usually needed [24]. This
value is obtained with a model based on two resonant
cavities connected with one interresonator coupling, which
will be implemented in this case with the dielectric KTO
slab. We have employed the physical model of Fig. 12,
where inductive windows have been selected to implement
the input / output couplings, and the KTO film acts as
interresonator coupling. Using this structure, the k value can
be obtained as [19] (subsection 14.2.2):

2 _f2
_ Jeven odd (11)

f e%en +f ozdd
where, feyen and f,4q are the even (or magnetic) and odd (or
electric) frequencies, respectively [19].

Following this procedure, the next step is to characterize
the KTO as a coupling element at a working frequency of fy =
8.42 GHz. First, we will extract the KTO inductive coupling.
For this case, the KTO resonance is adjusted for a frequency
higher than 8.42 GHz. In our test we have selected a KTO
resonant frequency of fxkro = 9.5 GHz, which corresponds
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FIGURE 13. Physical coupling value (k) versus KTO relative permittivity
for (a) inductive behaviour (/; = 250 xm) and (b) capacitive behaviour
(Ig = 316 um). In both cases coupling values are calculated at the working
frequency of fy, = 8.42 GHz. Simulation results obtained from CST [33].

with a length /; = 250 um for a relative permittivity of
& = 4000. We assume a KTO dielectric constant range &, €
[3000, 5000]. In a second step, for the capacitive coupling,
we select I; = 316 um, which leads to a KTO resonant
frequency of fgro = 7.5 GHz for &, = 4000, lower than the
target frequency of fy = 8.42 GHz. Fig. 13 plots the values
of the calculated couplings as a function of the permittivity
range of the KTO for both inductive and capacitive cases.
Results demonstrate that a ferroelectric film is indeed able
to act as a coupling element, providing coupling values in a
range from close to zero to maximum values around |k| =
0.04, and with both signs (negative for inductive and positive
for capacitive).

A typical realizable value of |k| for metallic irises is
0.02 [24]. To prove the effectiveness of the KTO as coupling,
it is shown how this value can be obtained with a ferroelectric
film. As it can be observed in Fig. 13, the |k| = 0.02 value
is obtained at &, = 4806 for the inductive case, and at
&, = 3295 for the capacitive case.

In this way, the RADES alternating coupling struc-
tures [24] can be designed by alternating low and high
permittivities, which will give to each coupling its necessary
properties. As discussed in that paper, alternating coupling
increases the mode separation. In addition, this technique
can provide a required final adjustment for the couplings in
case of manufacturing errors or if the response needs to be
modified for any reason. This can simply be done by adjusting
the KTO permittivity values using the biasing mechanisms
discussed in the next section.
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FIGURE 14. (a) Model based on a four-subcavities haloscope with coaxial
input / output ports. The length of the two end cavities is

lext = 29.05 mm, the length of the two inner cavities is /;, = 27.34 mm.
(b) Transmission S,; parameter magnitude. (c) Electric field (vertical
component) of the axion mode (at f, = 8.42 GHz). Similarly to Fig. 8b a
strong colour scaling has been applied to correctly appreciate the electric
field levels. Simulation results obtained from CST [33].

The previous example can be used to conceive a more prac-
tical structure with the design of four-subcavities connected
with three alternating KTO couplings (two of them capacitive
and one inductive) and coaxial input / output ports, as shown
in Fig. 14a. This method provides an improvement in the
mode separation parameter with respect to an all-inductive or
all-capacitive design [24]. Employing the previous coupling
value (|k| = 0.02) for all the couplings, we have to use the
obtained KTO parameters, I[; = 316 um, &, = 3295 for
the capacitive coupling (pink colour films in Fig. 14a), and
ly = 250 um, &, = 4806 for the inductive coupling (brown
colour film in Fig. 14b). The coaxial probes are optimized
for a weak input / output coupling. Fig. 14b shows the
transmission response obtained with these KTO films. Due to
the alternating behaviour in the interresonator couplings, the
axion mode corresponds now to the second resonance [24].
Also, Fig. 14c shows the electric field of the axion mode,
where the negative electric field value can be observed inside
the KTOs (blue color), as expected. It is interesting to note
that the design has been very effective since the field is
perfectly synchronous in all the cavities as it is required to
maximize the axion form factor [24]. The quality and form
factor obtained for this mode are Qp = 3.2 x 10* and C =
0.586, and the resulting mode separation (63 MHz or 0.75%)
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is very good (see Fig. 14b), demonstrating that this technique
can be used for the design of real haloscopes with the added
flexibility of allowing an easy combination of inductive and
capacitive couplings.

Finally, the use of ferroelectrics as interresonator coupling
elements avoids the need to manufacture irises based on
windows (as in Fig. 1) which have caused many alignment
and contact problems for the haloscopes in previous RADES
implementations with subsequent degradation in the quality
factors.

IV. ELECTRICAL BIASING OF FERROELECTRICS

The ferroelectric permittivity can be changed by applying a
static voltage or by modifying the operation temperature. For
the voltage option, an asynchronous system can be designed
where each ferroelectric film can be tuned individually.
On the other hand, for the temperature option the whole halo-
scope will be cooled / warmed, so all the ferroelectrics would
have the same ¢, value. In the last option, the implementation
of an alternating coupling system (inductive + capacitive
couplings in the same structure) with ferroelectrics needs
to take into account some details. A possibility is to have
longer thickness /; for the ferroelectrics that will behave as
capacitive couplings, adjusting the frequency fxro below the
operating frequency (see Fig. 11). In this way the coupling
value would change if the permittivity decreases, but ensuring
always that it operates inside the capacitive region. Similarly,
for the ferroelectrics operating as inductive couplings, the
thickness /; will be shorter to ensure that the KTO resonant
frequency fxro is quite high in frequency to ensure that the
coupling value would change in the region where it behaves
as inductive coupling (see Fig. 11). If the KTO is controlled
with the voltage technique, the thickness /; could be the same
for all the coupling ferroelectrics and the coupling behavior
will be adjusted by applying different voltages to each slab.

Since the haloscope should operate at the minimum
temperature, an increment in temperature to control de KTO
films will reduce the sensitivity of the experiment, since Ty
will increase and Qg will decrease. Therefore, the best option
to change the permittivity of the KTO films appears to be the
electrical biasing.

In the application of a static voltage to these films, the
position of the electrodes has to be considered carefully.
Small holes at the haloscope walls are needed to provide
internal access for the biasing DC cables. In addition,
a suitable notch filter should be designed at the biasing
section for avoiding high losses (and Qg reduction) due to
the parasitic elements that could be introduced from non
desirable frequencies. The electrodes would be positioned
at the two closest surfaces, distributed all over the surface.
In addition, the biasing cables and access openings are
positioned close to the corners where the surface current is
minimum for the TE19; mode, as it is shown in Fig. 15.

DC bias contacts and deposition technology strongly
depend on the haloscope cavity design. If the operational
mode of the design has no electric field components parallel
to the KTO surface, the DC contacts can be made either with
high conductivity or with superconducting materials. In the
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FIGURE 15. Horizontal cut of the resonant cavity (blue material) of Fig. 4
showing the position of the electrodes for the ferroelectric biasing.
Ferroelectric KTOs are depicted in pink colour. Vp¢ represents the DC
voltage applied to the electrodes. One of the two electrodes in each KTO
is connected to the cavity housing which acts as ground.

case of normal conducting electrodes, high conductivity
materials can be deposited and adhesion/thermal expansion
matching layers are applied to ensure low microwave losses in
the electrodes. An alternative option can be superconducting
contact deposition. In [18], a resonator was fabricated
on single-crystal (100) KTO discs 0.5 mm x 10 mm
and epitaxial-grade polished. Double-sided superconducting
YBCO (or Yttrium Barium Copper Oxide) films were
deposited using the co-evaporation technique [18].

In many currently considered haloscope cavity designs
such as the case studied in this paper, the operating TE
modes have their field components parallel to the DC
contact surface for the KTO films. In this case, to prevent
Qo degradation high resistivity contacts can be used to
introduce the biasing. In this scenario the conducting but high
resistivity DC bias contacts have to be deposited on the crystal
surface. Preliminary simulations modelling high resistivity
bias electrodes in an unloaded cavity have provided good
quality and form factor results employing Ry > 2 x 10° ©/Sq
(being R; the sheet resistance) to avoid shorting the cavity.
Although it is hard to achieve such situation with metallic
electrodes, in [34] there are reported some materials that can
provide Ry levels of 10° to 10'7 Q/Sq with a thickness of
0.1 microns, which will be investigated deeply.

Finally, it is essential that the voltage supply does not
generate noise at the frequency range of the cavity in order
to avoid the injection of an additional noise source. This
noise can be reduced to a minimum value with careful design
and low-pass filtering. It is also important to guarantee a
correct shielding to the DC voltage cables for avoiding the
introduction of pick-up noise.

V. CONCLUSION AND PROSPECTS

This paper proposes a novel technique of employing
electronic tuning systems based on ferroelectric materials.
Design guidelines and simulation results are provided for
the design of a tunable haloscope sweeping a considerable
spectral region of axion masses. A haloscope based on four
subcavities and three inductive interresonator couplings (iris
windows) has been designed with an acceptable tuning range
and good results in the quality and form factors.
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Also, in this work the implementation of any type of
interresonator coupling (inductive or capacitive) with the use
of KTO ferroelectric films is demonstrated. A haloscope
based on four subcavities and three interresonator ferro-
electric alternating couplings has been designed with good
form factor and unloaded quality factor results. The structure
employs an alternating behaviour in the couplings: two
capacitives and one inductive in order to improve separation
of neighbour modes. This eliminates the need to manufacture
metallic iris windows and could improve the quality factor
of the structures. This work demonstrates that the concept
allows to combine very easily interresonator couplings of
inductive and capacitive types in the same structure.

Another advantage of this kind of tuning for multicavity
systems is the ability to independently adjust the different
cavity frequencies and interresonator coupling values to
maintain the correct modal structure and electromagnetic
field pattern (which could improve also the form factor).

A practical multicavity haloscope incorporating ferroelec-
tric films have been designed to demonstrate each concept:
frequency tuning and interresonator coupling. The main
future research line of this work is the measurement of these
KTO films in real prototypes implementing an adequate
biasing system with the minimum impact on the form
factor and the quality factor of the axion mode. Also,
the combination of both ideas (tuning and coupling with
ferroelectrics) in a single prototype is being investigated.
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