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Abstract

We discuss dielectric haloscopes as a way to detect axions, which are a promising candidate for dark matter. Building
a dielectric haloscope is a medium term goal of the Broadband Reflector Experiment for Axion Detection (BREAD)
collaboration at Fermilab. We discuss the theory behind this new design and potential advantages of the new design.
In order to build an accurate dielectric haloscope, we must first build an apparatus to accurately measure the com-
plex relative permittivity and loss tangent of dielectric materials. We then present a summary of the major relative
permittivity measurement methods and explain why we chose a waveguide based system. We give an overview of the
major ways to extract the relative permittivity from measured scattering parameters (obtained from a Vector Network
Analyzer) including the method of least squares, the Nicholson-Ross-Weir method, and the NIST iterative method. Our
waveguide based relative permittivity measurement setup is presented. We discuss Network Analyzer calibration and
simulations of the measurement setup that were run in Ansys HFSS. Simulated and measured S-parameter data from a
WR-42 waveguide are shown. Finally, we present a measurement of the permittivity of Rogers TMM3 materials as well
as simulations of the measurement process for Rogers TMM4 and Teflon materials.

1. Introduction

Axions are a hypothetical particle which are a strong
candidate for dark matter. These particles arise from the
Peccei-Quinn solution to the strong charge-parity problem
[5]. The strong-CP problem arises from quantum chro-
modynamics, which predicts that charge and parity sym-
metry violation should be possible. A system has charge
symmetry when flipping the signs of all the charges does
not change the system and a system has parity symme-
try when flipping the position axes does not change the
system. However, charge-parity symmetry violation has
never been found in any experiment conducted so far [3].
To account for this phenomenon, Peccei and Quinn intro-
duced the axion field, which can be thought of locally as a
classical field oscillating with a frequency proportional to
the mass of the axion particle [6], [9].

BREAD (Broadband Reflector Experiment for Axion
Detection) is an axion search. The main detector has a
cylindrical geometry with a parabolic mirror. The cylin-
drical metal barrel converts dark matter into photons, which
is then focused by the parabolic mirror into a photo sensor
[7]. Our project concerned the dielectric haloscope, an al-
ternative detector, which consists of a stack of dielectrics,
a mirror, a focusing lens, and a receiver [6].

In the dielectric haloscope, the system of photons, ax-

Figure 1: Diagram of a boundary between two dielectrics under a
strong external magnetic field. Note the electromagnetic wave emit-
ted in both directions, represented by k1 and k2.

ions and currents is described by a Lagrangian density.
From the Lagrangian density, we can derive the Euler-
Lagrange equations of motion for the system. These equa-
tions of motion lead to a set of equations which can be
recognized as a modified form of Maxwell’s equations [6].

At an interface between two dielectric materials and
under a strong magnetic field, continuity of the electric
and magnetic fields, combined with the modified Maxwell’s
equations, implies a propagating EM wave traveling in
both perpendicular directions. Hence, dielectric haloscopes
can detect axions under a strong external magnetic field.
Each dielectric boundary emits a wave (caused by axion)
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and the power builds up through the stack, so that the
output wave can be detected by the receiver [6].

The unique design of the dielectric haloscope allows
greater flexibility and a wider axion mass search range
than traditional cavity resonators. For example, the spac-
ings between the dielectric layers can be tweaked to allow
for a larger signal boost and mass range. The height of
the layers can similarly be adjusted for even greater con-
trol. With the dielectric haloscope design, a mass search
range of 40-400 µeV becomes feasible [6]. Cavity res-
onators would need to be very small to measure such high
frequencies.

2. Complex Relative Permittivity

The complex relative permittivity, ϵr, of a material can
be obtained by eq. (1) :

ϵr = ϵ
′

r − jϵ
′′

r (1)

The loss tangent is simply the ratio of the imaginary
part of the permittivity to the real part of the permittivity:

tan δ = ϵ
′′

r

ϵ′
r

(2)

Relative permittivity is a frequency dependent com-
plex quantity whose real part is the dielectric constant and
whose imaginary part represents how much like a conduc-
tor the material is. The loss tangent shows how lossy a
medium is [2].

The power of the emitted wave in the haloscope de-
pends on the indices of refraction of the dielectric materi-
als at the boundary. Since the index of refraction is related
to the complex permittivity by:

n = √
ϵr (3)

for non-magnetic materials.

Thus the power of the emitted wave depends on the
relative permittivity of the materials used [6]. If the loss
tangent is too high, the wave will be absorbed by the di-
electrics and axion detection will be impossible. Thus, to
design an effective dielectric haloscope, we need a way to
measure the relative permittivity and loss tangent of di-
electric materials. This was the focus of our project.

3. Relative Permittivity Measurement Systems

3.1. Measurement Methods

There are many different methods to characterize the
complex relative permittivity of dielectric materials. The
best method depends on the frequency range, material
shape, material phase, lossiness, and temperature. These
include coaxial probe, cavity resonator, free-space, and
transmission line or waveguide methods. A rich literature
exists on relative permittivity measurement methods. An
extensive literature review was conducted on the various
methods.

Almost all of the methods involve using a Vector Net-
work Analyzer to measure the scattering parameters of the
device under test (DUT). Physically, the S-parameters are
interpreted as the reflection (Sii) and transmission coef-
ficient (Sij). Once the S-parameters of the measurement
apparatus are measured, the material properties must be
extracted [2].

In coaxial probe methods, which are ideal for liquids
or semi-solids, a cut off section of a transmission line is
submersed in the Material Under Test (MUT). The probe
is connected to a Vector Network Analyzer where a one
port measurement is performed of S11. These methods are
non-destructive and broadband but have limited accuracy
for low loss media [11].

In resonator methods, a cavity with a high quality fac-
tor is constructed. Inserting a dielectric inside the res-
onator will change the resonant frequency and quality fac-
tor of the cavity. The permittivity is calculated using the
resonant frequency before and after the MUT is inserted.
This method is robust at cryogenic temperatures and per-
mittivity extraction is relatively easy. The biggest flaw
of these methods is that they are good for measuring the
permittivity at a single frequency or a very narrow fre-
quency range. Another major flaw, which was especially
important for us, was the fact that in order to reach the
high-GHz or THz frequency range, a resonator would have
to be extremely small, so much so that constructing one
in the lab is impractical [4], [11].

In the transmission line method, the MUT is placed
inside a waveguide or coaxial airline, and the complex per-
mittivity is extracted for reflection and transmission mea-
surements. This method has the major advantage of being
broadband, but has the disadvantage that the sample must
be prepared to fit inside the waveguide or coaxial airline
[8], [11].

Since the goal of BREAD is to search a wide frequency
range for axions, we needed a method that is broadband.
We also wanted a method that could feasibly go to ter-
ahertz range frequencies and be cooled to cryogenic tem-
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peratures in the future. To this end, we implemented the
waveguide method for relative permittivity measurement
because it is broadband and can handle relatively high
frequencies.

3.2. Extraction Methods

Another literature review was conducted on permit-
tivity extraction techniques. Permittivity extraction is a
difficult process, but all the methods are different ways
of solving a system of complex-valued equations. There
is also a least squares method, where theoretical formu-
las for the S-parameters are compared with the measured
data and the program finds the permittivity of best fit [2].

Figure 2: An overview of the Nicholson-Ross-Weir extraction process
[8].

The Nicholson-Ross-Weir (NRW) method is convenient
because it provides an almost closed form solution for the
permittivity and permeability based on just S11, S21, the
waveguide cutoff frequency (λc), the free space frequency
(λ), and the sample length L. A summary of this extrac-
tion method is shown in Figure 2. A major problem with
this method is that when calculating ln( 1

T ), the correct
branch must be selected since the complex logarithm is
defined as follows:

ln ( 1
T

) = ln ( 1
|T |

) + j(θ + 2πn) (4)

where θ = arg( 1
T ) and n ∈ Z. Selecting the correct value

of n is a major challenge when using the NRW algorithm.
The NRW method also breaks down when the sample
length is a multiple of the half-wavelength of microwave
radiation in the sample [2].

The National Institute of Standards and Technology
has developed several iterative methods for permittivity
extraction [10]. These methods depend on finding the root
of a complex-valued equation using the Newton-Raphson
numerical method.

First, we must introduce the propagation constant in
air (the empty waveguide) γ0:

γ0 = j

√
(ω

c
)2 − (2π

λc
)2 (5)

whereas the propagation constant (γ) in the material is
defined as:

γ = j

√
ϵrϵ0µ0ω2 − (2π

λc
)2 (6)

assuming that the magnetic permeability µr = 1. Now,
the reflection coefficient (Γ) in the material is found as:

Γ = γ0 − γ

γ0 + γ
(7)

again under the assumption that the material is nonmag-
netic. Finally, the transmission coefficient in the material
is given by:

T = e−γL (8)

where L is the sample length. Once the aforementioned
quantities are calculated, the permittivity can be extracted
by numerically solving equation (9):

S11S22 − S21S12 + e−2γ0(Lair−L) T 2 − Γ2

1 − T 2Γ2 = 0 (9)

(Lair is the length of the waveguide) using the Newton-
Raphson method [1].

4. Methods

4.1. Laboratory Setup

In the laboratory, we constructed a measurement setup
consisting of a WR-42 Rectangular Waveguide, 2 Waveg-
uide to Coaxial adapters, a Rohde & Schwarz ZVA-24
Vector Network Analyzer (VNA), and a sample of Rogers
TMM3 dielectric material (see Figure 3).

A piece of the sample (L = 6.21 mm) wass inserted
into the waveguide, which was attached to the VNA via 2
Waveguide to Coaxial adapters. Before insertion, the sam-
ple was milled, then sanded to fit inside the waveguide.
The VNA measures the S-parameters of the waveguide
setup, which can be used to extract the relative permittiv-
ity of the materials. We measured the S-parameters in a
frequency range of 18-24 GHz. The S-parameters from the
WR-42 waveguide filled with Rogers TMM3 can be seen
in Figure 3.
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Figure 3: The upper panel shows a picture of the laboratory setup.
The lower panel shows the S-parameters obtained from Rohde &
Schwarz ZVA-24 Vector Network Analyzer with Rogers TMM3 ma-
terial in waveguide

4.2. VNA Calibration

The Rohde & Schwarz VNA was calibrated using the
Through-Reflect-Line method. The calibration required a
short and a ¼ waveguide shim for insertion between the
two waveguide to coaxial adapters. First, the short was
inserted between the adapters and the S-parameters were
measured. Next, the two adapters were connected to each
other and the S-parameters were measured. Finally, the ¼
waveguide shim was inserted between the two adapters and
the S-parameters were measured. Calibration calculations
were performed using a calibration kit (.ck) file, which
automates a rather messy process.

4.3. Simulations

The WR-42 rectangular waveguide was modeled in An-
sys HFSS. The 3D model was filled with TMM3 (L = 6.21
mm) and TMM4 (L = 2.54 mm). A model of the WR-90
waveguide was filled with Teflon (L = 11.75 mm). The
modeling process consisted of creating a 3D model of the
copper waveguide, creating an airbox around the waveg-
uide, and applying port boundary conditions (see Figure
4). The program then provided simulated S-parameters,
as shown in Figure 5. The same 18-24 GHz frequency
range was used in all simulations except for Teflon, where
we used a range of 8-12 GHz.

4.4. Extraction

Extraction of the material properties from the
S-parameters was attempted via the Nicholson-Ross-Weir

Figure 4: 3D model of a WR-42 waveguide constructed in Ansys
HFSS

Figure 5: Simulated S-parameters of WR-42 waveguide filled with
Rogers TMM3 material

(NRW) Algorithm, which was coded in Python. We had
limited success with this method, since selecting the cor-
rect branch of the natural log proved quite difficult. The
code was tested to work with n = 0, but it could not accu-
rately select other values of n. Additionally, the inaccuracy
peaks at half wavelengths were also an issue.

We successfully implemented a version of the NIST
method using SciPy’s Newton function, which solves equa-
tion (9) using the Newton-Raphson root finding algorithm.

5. Results

As a sanity check, we first extracted the dielectric prop-
erties of air. As expected, we got a dielectric constant very
close to 1 and a loss tangent that was close to zero. These
results are presented in Figure 6.

Rogers Corps advertises their TMM3 Laminate with
process dielectric constant of 3.27 and a design dielectric
constant of 3.45. Our measurement of the real part of
the permittivity aligns well with this advertised value for
the design dielectric constant. The simulation was run
with the process dielectric constant of 3.27 and that result
also aligns well with our expectations. In the loss tangent
data, we observe a much higher loss than predicted by the
simulation. It should be noted that there is quite a bit of
noise in the loss tangent measurement. These results are
presented in Figure 7.
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Figure 6: The upper panel shows the simulated (blue) and measured
(orange) dielectric constant of air. The lower panel shows the simu-
lated (blue) and measured (orange) loss tangent of air.

Figure 7: The upper panel shows the simulated (blue) and measured
(orange) dielectric constant of Rogers TMM3. The lower panel shows
the simulated (blue) and measured (orange) loss tangent of Rogers
TMM3.

Finally, we ran two more simulations of Rogers TMM4
and Teflon. Both simulations produced results produced
dielectric constants in line with the expected values: 4.50-
4.70 for TMM4 and 2.1 for Teflon. These results are pre-
sented in Figure 8 and Figure 9.

In all the results, the dielectric constant decreases or
stays relatively constant as frequency increases. This is
expected as the dielectric constant generally decreases with
frequency.

Figure 8: The upper panel shows the simulated dielectric constant
of Rogers TMM4. The lower panel shows the simulated loss tangent
of Rogers TMM4.

Figure 9: The upper panel shows the simulated dielectric constant of
Teflon. The lower panel shows the simulated loss tangent of Teflon.

6. Conclusion

Now that we have a working method of measuring the
permittivity, the next step is to try to make the method
more accurate by attempting to improve the calibration
and cable quality. Additionally, building a fixture for the
waveguide apparatus to limits its movements may improve
accuracy, as even minute movements can cause noise.

An analysis of uncertainty in the permittivity measure-
ments, as outlined in [2] is also an important next step.
After perfecting the measurement at room temperature,
we need to explore how to cool the apparatus to cryo-
genic temperatures. Once this is done, work can begin on
designing a dielectric haloscope. This project was an im-
portant first step towards the ambitious goal of building a
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working dielectric haloscope.
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