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Abstract

Electromagnetic Properties of the Proof of Principle Booster Setup for the
MADMAX Experiment

by Jacob EGGE

The MADMAX experiment is a novel approach to search for axion dark matter in
the range from 40 peV to 400 pneV. A booster consisting of dielectric disks amplifies
the tenuous axion signal coming from axion-photon conversion in a strong magnetic
field to detectable levels. A Proof of Principle Booster Setup was built to study the
electromagnetic properties and systematic effects of a small scale prototype booster.
It is shown that the dielectric disks can be positioned with um precision and thermal
effects on disk positions are quantified. Unwanted reflections influence the elec-
tromagnetic response. A model to simulate the effect of unwanted reflections was
developed and tested. It satisfactorily predicts electromagnetic responses for up to
four disks at different distances. It was shown that the booster could be adjusted to
a desired electromagnetic response with acceptable deviations of the boost factor for
up to five disks. Short comings of the model and tilts of the disks were identified.
These become limiting factors for adjusting more disks and introduce systematic

effects that have to be investigated in the future.
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Chapter 1

Introduction

1.1 Motivation for Axions

1.1.1 The Strong CP Problem

The Axion is a hypothetical particle originally conceived to solve the Strong CP prob-
lem, the inconvenient fact that the strong interaction appears not to violate charge-
parity (CP) symmetry although naively it should. The Quantum chromodynamics
(QCD) Lagrangian contains a term

a ~
Locp M Q£G§m a (1.1

with the gluon eld strength tensor Gg,and its dual GI" the strong coupling
constant ag and the angle g [1]. Note that in the introduction natural units are used,
e.g.h= c= 1. Thistermis in principle CP violating as long as qis non-zero [1].

One example where such CP violation in the strong sector would manifest itself
is the electric dipole moment (EDM) of the neutron [2]. However, the neutron EDM
must be extremely small - if it exists at all - as current experimental limits put it at
below 3.0 10 2%ecm [3]. This in turn limits qto jgj < 10 19[2]. This is deemed un-
natural as g could have any value between p and p but turns out to be consistent
with zero.
A popular approach to solve this problem is the Peccei-Quinn theory which pro-
vides a mechanism that drives qtowards zero without any ne-tuning. By introduc-
ing a new global U(1)pg symmetry the static CP-violating angle ¢ is promoted to
a dynamical CP-conserving eld q(x). The Peccei-Quinn-symmetry (PQ-symmetry)
U(1)pq is spontaneously broken at an energy scale fa. Excitations of q(x) represent
a new particle - the axion [4].

Additionally the vacuum energy density Vqcp of QCD depends on gand is min-
imized for q(x) = 0 [5]. Thus the eld g(x) feels an effective potential and naturally
becomes zero. This potential gives the axion an effective mass. It depends onf; and

can be expressed as [6]:
10° GeV

my, 6eV
fa

(1.2)
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Originally f; was thought to be of the order of fgw, the electroweak energy scale
[4]. With Eq. (1.2) the axion mass would be O(10 keV) which was quickly excluded
by experiment. Other models put f; few. These are called "invisible axion"
models which comes apparent when looking at the axion coupling to photons. The
axion can couple to two photons via kinetic mixing with  hg and pg resulting in the
effective Lagrangian [6]:

Lagg = ;)cagZE B (1.3)
with ne-structure constant a, axion eld aand electric and magnetic elds E and
B. Cq is a model dependent parameter of order unity. A large f; means a small,
"invisible" coupling. The two most important "invisible axion" models are the Kim,
Shifman, Vainshtein, Zahkarov (KSVZ) [7, 8] model and the Dine, Fischler, Srednicki,
Zhitnisky (DFSZ) [9, 10] model. For the scope of this thesis it suf ces to point out
that C,g = 0.97 for KSVZ and Cog = 0.36 for DFSZ. De ning a new coupling
constant gagg that includes Cyy and f5 cleans up Eq. (1.3)

_ Cya
Oagg = 2t (1.4)
Lagg = Gagg@E B (1.5)

The coupling to photons can lead to conversion of axions into photons or vice
versa in the presence of a static magnetic eld, the so called Primakoff-effect [11].
Interestingly the coupling constant ga5g again depends on f, so that the axion mass
is directly proportional to its coupling strength. In addition to the axion described
above, the so called QCD axion, one can arrive at axion-like particles (ALP) by loos-
ening the relation between mass and coupling strength. ALPs can have masses and
coupling strengths independent from each other but do not necessarily solve the
strong CP problem. See [12] for a review.

1.1.2 Dark Matter

Dark matter is a hypothetical type of matter that is thought to make up 85 percent of
all matter in the universe [13]. Its existence is implied by a number of astrophysical
and cosmological observations. One of the rst hints was given by observations of
galaxy rotation curves which, assuming Newtonian dynamics, cannot be explained
by just the ordinary matter contained in galaxies as the mass of the visible matter like
stars is much too low to keep galaxies together spinning at the observed velocities
[14]. Other effects like gravitational lensing also imply that galaxies are much more
massive than visible matter alone could explain [15]. Finally, precise measurements
of the Cosmic Microwave Background are best tted by models containing a signif-
icant amount of dark matter [13]. So far it is unknown what dark matter consists
of other than that it must have mass and must be weakly-interacting. Nevertheless



1.1. Motivation for Axions 3

it is generally accepted by the scienti c community. Alternative ideas most notably
modify gravity at different scales (MOND, TeVeS) and are successful in solving some
problems like galaxy rotation curves but struggle at others, like mass distributions
observed for the famous bullet cluster collision of two galaxy clusters [16]. As a
standard in cosmology, the L CDM model, which includes a cosmological constant
L as dark energy and cold (as in non-relativistic) dark matter (CDM), puts the to-
tal dark matter density at Wch?>  0.12 coming from a t to the cosmic microwave
background [13].

Axions are bosons that have zero electric charge and interact very weakly. They
are therefore a suitable candidate for dark matter.

1.1.3 Axion Cosmology

One has to consider three major events in the early universe to understand the dy-
namics of axion dark matter. In ation, the PQ symmetry breaking and the QCD
phase transition.

In ation is a postulated epoch of exponential expansion of space in the very early
universe. It is well supported as an explanation for the isotropy and atness of our
universe, the homogeneity of the Cosmic Microwave Background and the absence
of magnetic monopoles [17]. QCD phase transition describes the transition from
a decon ned quark-gluon plasma at higher temperatures to the familiar hadronic
phase of con ned quarks and gluons at lower temperatures [18].

Before the QCD phase transition, at energy scales abovefgcp 150 MeV, strong
interactions are pertubative and Vqcp is extremely suppressed [1].

Now with f, focp this means that when axions rst arose they felt no effec-
tive potential, are massless and any value of g between p and p is possible [19].
Consequently, after the PQ phase transition causally disconnected regions of space-
time can have a different initial misalignment angle ¢;. There are now two different
scenarios depending on the order of PQ phase transition and in ation.

In Scenario A in ation happens after the PQ phase transition. A small patch of
homogeneous g is expanded beyond the size of our current observable universe.
The initial misalignment angle ¢ is unique for our universe and determines the ax-
ion mass. This way - assuming a suitable value for g - axions could be the entirety
of cold dark matter with any value of 5 2 (M, 10° GeV) [20]. The axion mass can
range from neV to a few peV [21].

In Scenario B in ation happened before the PQ phase transition. Our observ-
able universe then consists of many patches with random ¢g;. One has to perform a
statistical average of these patches to obtain an axion mass. Furthermore, one now
has to consider topological defects coming from boundaries between different ¢ that
can signi cantly contribute to the axion mass. Latest theoretical predictions put the
axion mass at 25 500peV in this scenario [22].
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1.1.4 Current Limits and Experiments

An overview of current limits can be seen in Fig. (1.1). So far a lot of the expected
parameter space for scenario A and B remains untouched. Excluding parameter
space for the QCD axion requires to reach down to the "QCD axion line" as mass
and coupling strength are proportional to each other (see Eq. (1.2) and (1.4)).

Axions with my > 30meV are ruled out mostly by astrophysical observations
[23]. As axions interact weakly, they would serve as a mechanism for energy loss in
stars, white dwarfs and supernovae. "Heavy" axions would cool these astrophysical
objects by an observable amount and are thus excluded.

Dedicated experiments search for lower mass axions. A selected few are shortly
presented here. The CERN Axion Solar Telescope (CAST) is a helioscope looking
at the sun to detect possible axions that are created by photon-to-axion conversion
in the stellar plasma. It uses a 9T re-purposed LHC test magnet to convert these
solar axions back to X-ray photons that can then be detected. It has excluded gagg >
0.66 10 °GeV ! for my < 20meV [24].

Another type of axion experiments are haloscopes. They rely on the conversion
of axions in the local dark matter halo of the Milky Way to photons.

The Axion Dark Matter Experiment (ADMX) uses a strong magnetic eld in a
cavity to resonantly convert axions to photons. They have been the rst to exclude
a part of the KSVZ parameter space (1.86< m, < 3.36 peV) [25] and recently even
reached sensitivity to DFSZ couplings in a small mass range (2.66< my < 2.81 peV)
[26].

The HAYSTAC (Haloscope At Yale Sensitive To Axion Cold dark matter) experi-
ment is another cavity based experiment that has excluded gagq & 2 10 4GeVv 1!
(about a factor 2.7 above the benchmark KSVZ model) for 23.15< my < 24.0 peV
[27].

The axion community is still a growing eld and listing all present and future
experiments is beyond the scope of this thesis. A review can be found in [28]. Suf ce
to say that these are indeed exciting times for axion physics.

1.2 Magnetized Disk and Mirror Experiment

The Magnetized Disk and Mirror Experiment (MADMAX) is a new proposed exper-
iment to search for axions. It will probe the mass range from 40 peV to 400 peV while
being sensitive to powers as low as 10 22W, reaching DFSZ axion sensitivity. This
mass range has not been covered well by other experiments.

This section is based on [29] in which a detailed description of MADMAX and
its working principle can be found.

Axions can be converted to photons via the Primakoff-effect with corresponding
frequency. A higher axion mass is equivalent to a higher photon frequency. The line
width of the converted photons is 10 8[21] times smaller than their frequency as
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Figure 1.1: Current axion and axion-like landscape as di-photon coupling constagy over

axion massm,. The currently untouched parameter space is white. Higher axion masses are

excluded by astrophysical and cosmological constrains. The benchmark models KSVZ and DFSZ

are plotted as solid lines. The prospected parameter range of MADMAX is shown as the dotted
line. Adapted from [21].
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cold dark matter axions are relatively slow ( voa 10 3). Cavity based experiments
struggle with the fact that in order to go to higher frequencies one needs to build
smaller cavities to still operate the cavity at its lowest resonant mode with a high
quality factor.

However, the power output of cavities scales with the volume, limiting cavities
to mass ranges below 20 peV. MADMAX uses a new approach to enhance axion
to photon conversion. By placing dielectric disks into a strong magnetic eld the
axion eld induces electromagnetic emissions from the disks that can resonate and
constructively interfere.

1.2.1 Working Principle

The slow cold dark matter axions have a large de Broglie wavelength ( O(10m) for
m, = 100 peV). Additionally axions must have a high number density to still pro-
duce the expected dark matter mass density with such a small axion mass. Due to
these two properties it is sensible to treat the axion eld as a classical eld and add
the axion-photon coupling to the classical electromagnetic Lagrangian. One then
obtains modi ed Maxwell equations with an additional source term in the Ampere-
Maxwell law in a current-free dielectric medium with dielectric constant  e:

r B eE= gyggBa (1.6)
Providing a static homogeneous external magnetic eld Be, the axion eld ainduces
an electric eld:
g
Ea= %Bea(t) (1.7)

Its eld strength depends on the dielectric constant e. Taking the limit v ! 0
yields a spatially static axion eld:

a(t) = apcog(mat) (1.8)

It oscillates with an angular frequency of m,. De ning

Eo = Qagg Bedo (12.9)

one gets:
E
Ea = EO cos(mat) (1.10)

If one now has two different dielectric media 1 and 2, there will be a disconti-
nuity of E, at the boundary between the media. However, this is not permitted by
the (modi ed) Maxwell equations. The overall electric and magnetic eld compo-
nents parallel to the dielectric boundary E; and Hj; must be continuous. Demanding
Eijj = Byjj and Hyjj = Hyj; for the electromagnetic elds in medium 1 and 2 yields
an emission perpendicular to the boundary to compensate the discontinuity of E,.
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The amplitudes of this emission into both media with refractive index n are:

€Ny
Ed=(E} E})—=- 1.11
1 =(E E) s + &Ny (1.11)
e1ny
ES= (B2 E)——= 1.12
> (E2 E) eihs + & (1.12)
9 - a a &
HY, (E3 EY e+ o (1.13)

This emission corresponds to a propagating electromagnetic wave which can in
principle be detected. Maximizing the discontinuity by having one medium be a
perfect mirror (e; = ¥) and the other vacuum (e, = 1), one gets Eg = Hf,Z =0
and Eg = Egwhere Eg = jEgj. The power per area of a single mirror axion-induced
emission is:

2

%: % =22 10 27% % C% (1.14)
Because this is very hard to detect with current technology, a power boost is needed.
The idea of MADMAX is to use not just a mirror but many dielectric disks as well.
Each dielectric disk again emits according to Eq. (1.11). As the de Broglie wave-
length of the axion, | 5 10m, is much bigger than the entire setup, each emission
of each disk is coherent and can constructively interfere with one another. Addi-
tionally, emissions can be re ected back and forth between the disks acting as a
resonator. Having a mirror at one end ensures that all emissions eventually end up
propagating toward the receiver at the other end where they deposit a measurable
power. The exact power boost is frequency-dependent and very sensitive to the ar-
rangement of the disks. The amplitude boost factor is de ned to be:

Eout( n)

b(n) = E

(1.15)

The total emitted power is then:
P= b2(n)P (1.16)

b2(n) is called the power boost factor. First developments on a receiver system
demonstrated the ability to detect P = 1.2 10 22W over an integration time of
28 h [30]. This means that a power boost factor of b?(n)  10* is needed. To achieve
that, the MADMAX collaboration plans to have 80 dielectric disks made of a high-
epsilon material (e 24 for lanthanum aluminate) with an area of 1 m?. Motors
are used to precisely control the disk arrangement inside a cryogenic vessel. A10T
magnet surrounds the vessel. The receiver system will be cryogenic as well.
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Figure 1.2: Boostfactor, re ectivity and group delay of 20 dielectric disks. The measurable
re ectivity and group delay are related to the boost factor which cannot be measured directly.
Taken from [29].

1.2.2 Proof of Principle Booster Setup

A direct measurement of b(n) is impossible as it would require an actual axion sig-
nal detection to do so. Itis, however, extremely important to precisely know b(n) in
order to assure the mass (frequency) range in which the experiment is sensitive and
to either exclude or con rm the mass and coupling strength of the axion or axion
like particles. Fortunately one can measure related quantities like re ectivity. Fig.
1.2 shows the boost factor, re ectivity and group delay of 20 dielectric disks. One
can then simulate b(n) and match the re ectivity of the setup to that of the simula-
tion. To understand the correspondence between re ectivity and boost factor, sev-
eral small scale prototypes have been built, the latest and biggest being the 20 disk
Proof of Principle Booster Setup. It can accommodate up to 20 disks with a diameter
of 20 mm made of sapphire, a material with a high relative permittivity ( e = 9.3 per-
pendicular, e = 11.5 parallel to crystal axis). It lacks a magnet as the main goal is to
study the electromagnetic response and not to convert axions into photons. A vector
network analyzer (VNA) and antenna are used to input microwaves and measure
the response. Motors move the disks with um precision to replicate the simulated
electromagnetic response of the system.

A more detailed description of the setup and its components can be found in the
Experiment and Methods section.

This Master thesis presents major measurements performed with the Proof of
Principle Booster Setup contributing in particular in understanding effects of un-
wanted re ections and other systematics.



Chapter 2

Theory

2.1 Booster Physics

2.1.1 Transfer Matrix Formalism

A Transfer Matrix Formalism is used to analyze electromagnetic propagation through
layered media. A modi ed formalism that includes axion-induced emissions has
been developed and a more detailed explanation can be found in [29]. It is used
to calculate the electromagnetic response of a disk and mirror system as well as its
boost factor.

The boost factor b(n) is due to the coherent sum of emissions by each disk as well as
resonances between coherently emitted waves. Each dielectric regionr with dielec-
tric constant e, contains a superposition of the axion induced electric eld (assuming
a homogeneous magnetic eld)

= 2= AR, 2.1)

and the left and right propagating electromagnetic waves

ER= Re'™W"DX and HR= ;liRre"iWnrDX (2.2)
r
. e )
Er=Le ™™ and HF= “le WO (2.3)
r

with n, = P € as we assume non-permeable materials withm = 1.

Dx = X X measures the position x relative to the left boundary of every region
r (see the schematic in Fig. 2.1). Demanding continuity between each dielectric
boundary relates the electric and magnetic elds of region r to that of region r + 1
which reads as:

EoAr+ R€% + Lie 9 = EpArs1+ Raq+ Lisg (2.4a)
- i e
% Ré* Leid = LR, L.y (2.4b)

r Nr+1
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with optical thickness d = wn,(X,+1 X;). These continuity conditions can be
expressed in a transfer matrix formalism:

0 1 0 1 01
R R 1
@ A =GP, @ A+ ES @A (2.5)
Lr+1 L, 1
with
0 1
1 Nr+1+ Ny N n
G = @ r+1 r r+1 A (2.6a)
2N+ Nr+1 Ne Nepg+ Ny
0 1
e+id 0
p= @ A (2.6b)
0 eld
0 1
A A ~1 0O
s=" r@a "A (2.6C)
2 01

G is the regular transfer matrix between region r and r + 1. P, describes the
phase acquired by propagating through region r. S contains the axion-induces elec-
tromagnetic waves produced at each boundary between r and r + 1. Multiple layers
are then described by iterating Eq. (2.5) from region 0 to region m:

0 1 0 1 01
R R m 1
@A =TN@ A+ EQ TlS, ;@A 2.7)
Lm Lo s=1 1
with
ng Ga 1Pa 1Ga 2Pa 2 Gb+le+ 1Gbe (28)

for b< a T2= 1and Py = 1. To further compactify one de nes

m
T=T0 and M= 3 TPS , (2.9)
s=1
0 1 0 1 01
R R 1
@ ™A =T@ °A+EMO@A (2.10)
Lm Lo 1

The rst part of Eq. (2.10) is the usual transfer matrix for in and outgoing elec-
tromagnetic waves while the second part is the sum of all axion-induced emissions.
The quantities of interest for this master thesis are the re ectivity of a disk-and-
mirror system as well as its boost factor. Region 0 is to be a perfect mirror thus
jnoj = ¥ . The incoming wave L, is that of the vector network analyzer which in
practice is much larger than any axion-induced contributions (besides there is no
magnetic eld in the Proof of Principle Booster Setup anyway) so Eg = 0 is a valid
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Figure 2.1: Each dielectric regiom = 0, 1,...m contains a right and left going waveR, and
L. At each boundary between regions the continuity requirement demands Eq. 2.4. The transfer
matrix formalism solves this iteratively and yields the outgoing amplituégs and Lg. Setting

e = ¥ in regionO realizes the mirror closing o one end.

assumption. The amplitude re ection coef cient is de ned as the ratio between out-
going (Rny) and incoming ( Lm) electromagnetic wave amplitude which by solving
Eqg. (2.10) is:

Rm. _T[1,2
7] Ro=0 —

Lm T[2,2]
The square brackets denote the matrix indices. It is a frequency dependent complex
quantity. The phase of R is particularly interesting as it is largely independent of
attenuation and allows for much more precise measurements. A convenient way to

R =

(2.11)

represent the phase F (w) of R is group delay because it does not depend on the
absolute distance between antenna and booster:

dF (w)
dw

ty= (2.12)

For calculating the boost factor we assume no incoming electromagnetic waves,
thus Ry = Ly, = 0. The boost amplitude is the amplitude of outgoing electromag-
netic wave, completely sourced by axion-induced emissions, divided by the ampli-
tude of the emission by a single mirror Ep:

Rm
Eo
B still contains phase information which mostly is of no interest. The amplitude and

B= " = M[1,1+ M[L,2] (2.13)

power boost factor are then:

b(n) = jBj (2.14)
b%(n) = jBj? (2.15)
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2.1.2 Simulating the Booster with Electrical Circuits

Scattering parameters (S-parameters) are used to describe n-port networks. Each
port i has anincident wave amplitude g and re ected wave amplitude b;. S-parameters
describe the relation between incident and re ected amplitudes:

0 1 0 1 0 1
by Si1 ... S &

%)%:%) E %% (2.16)
bn Sht ... Smn an

The disks and mirror setup represents a 1-port network as a perfect mirror does
not allow transmission. The scattering parameter S;; is then simply the re ection
coefcient R.

Su=R= 2 2.17)
2]

Wave impedance is the ratio of the transverse components of the electric and
magnetic eld. For transverse electric-magnetic (TEM) plane waves in a perfect di-
electric medium with relative permittivity e and relative permeability mthe wave
impedance Z is:

r—
z= Tom (2.18)
eoe

A lossless transmission line with capacitance C and inductance L has the charac-

teristic impedance: r

L
Ze= &

Propagation of current | and voltage V are described by the Telegrapher's equation
which takes the form of a wave equation:

(2.19)

°v 1PV
2 iete”° (2.20a)
?1

This is equivalent to the electromagnetic wave equation in one dimension with the
electric and magnetic eld being replaced by voltage and current and permittivity
and permeability replaced by capacitance and inductance. The electromagnetic re-
sponse of the booster in one dimension can therefore be modeled by an electrical
circuit. Solving the transfer matrix formalism (Eq. (2.10)) for m dielectric regions
breaks down to solving 2 m linear boundary conditions. By using transmission lines
to simulate the dielectric regions these boundary conditions can ef ciently be solved
by integrated circuit simulation software like QUCS (Quite Universal Circuit Simu-
lation) [31] or ADS (Advanced Design System) [32].
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Chapter 3

Experiment and Methods

3.1 Description of Proof of Principle Booster Setup

3.1.1 Overview

The Proof of Principle Booster Setup is a small scale prototype to test the electro-
magnetic response of up to 20 dielectric disks and mirror with 20 cm diameter. To
this end a Vector Network Analyzer (VNA) measures the re ectivity of the booster
by generating a signal between 10 and 30 GHz which is sent out by a horn antenna.
A parabolic mirror redirects and collimates the beam into the booster. The idea is to
have the beam resemble a plane wave as much as possible.

The booster consists of movable disks, a xed plane mirror and the surrounding
mechanics. An aluminium frame holds ten rails with 20 carts on which the dielec-
tric sapphire disks are moved by high-precision motors. The frame has a length
of 800 mm and a width and height of 500 mm. It sits on an optical table with air-
cushioned legs to reduce vibrations. The xed plane copper mirror is placed mid-
way into the frame with the disks in front of the plane mirror. The plane mirror and
sapphire disks re ect the incoming beam, which is then refocused by the parabolic
mirror onto the antenna which collects the signal to be analyzed by the VNA. By
comparing the outgoing and incoming signals at different frequencies the VNA is
able to measure the amplitude and phase of the frequency-dependent re ectivity.
The antenna and surroundings can also re ect part of the returning signal back into
the booster before reaching the VNA. These so called unwanted re ections have a
signi cant effect on the re ectivity which will be studied later on. See Fig. 3.1 for
a schematic and Fig. 3.2. for an image of the setup. Each component will be intro-
duced and characterized separately in the following subsections.

Figure 3.1: Schematic of the setup.
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(a) Whole Setup

(b) Disks and mirror

Figure 3.2: (a) Overview of the whole setup. The VNA emits a signal towards the antenna. The

antenna is in the focus of the parabolic mirror so that the beam is collimated into the booster.

The booster is inside the aluminium frame and holds up to 20 disks and a plane copper mirror.

In this case the disks are removed to better see the copper mirror. The booster re ects the

collimated beam which is then refocused onto the antenna and analyzed by the YiASide

view of the sapphire disks and copper mirror. The disks can be moved on rails to desired positions
by high-precision motors.
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3.1.2 Components
Vector Network Analyzer

A VNA can measure the S-Parameters in both amplitude and phase of a device un-
der test as a function of frequency by sweeping over a set frequency range. For a de-
tailed description of the workings of a VNA see [33]. The model used is the MS4647B
from Anritsu [34]. Its speci cations are listed in Tab. 3.1. It has two ports, however,
all measurements presented in this master thesis are re ectivity measurements us-
ing just one port. The re ectivity measurement is sampled at 6.67 MHz intervals
resulting in 3001 data points per measurement. The port of the VNA is connected
to the antenna by a microwave coaxial cable. An adapter to connect the cable to the
antenna is needed. The VNA needs to be calibrated in order to remove the effects of
the coaxial cable and adapter. An automatic calibration can be done with the Anritsu
36585V AutoCal module [35]. Through a series of measurements it determines the
S-Parameters of the elements connected to the module so that they can be calibrated
out. The adapters to connect to the AutoCal module and the antenna are slightly
different in length which can be accounted for with the de-embedding tool of the
VNA.

frequency range [GHz] 0.01-70
max. frequency resolution [Hz] 1
power resolution [dB] 0.01
phase stability [deg/ C] <05

Table 3.1: VNA speci cations

Antenna

The antenna is a pyramidal horn antenna from A-Info. The manufacturer's speci -
cations are listed in Tab. 3.2 [36].

Horn antennas are known for their broad bandwidth, moderate directivity (see
Fig. 3.3 for an antenna pattern) and low voltage standing wave ratio (VSWR). By
gradually increasing the size of the metal waveguide its wave impedance is contin-
uously matched to that of free space (about 377 Ohms). This is important as any
sudden change in wave impedance causes re ections and decreases the ef ciency of
the antenna. A perfectly matched antenna would need to be in nitely long which
is obviously not the case. The speci ed VSWR result in about 1.2% of the incoming
power being re ected. This is high enough to cause signi cant effects as can be seen
later on.
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length [mm)] 271
aperture [mm mm] 105 90
frequency range [GHz] 18-26.5

VSWR 1.25
forward gain [dB] 25
3dB Beamwidth [deg] 10
polarization linear

Table 3.2: Antenna speci cations Figure 3.3: Antenna pattern at20GHz. The
main lobe in the center and its suppressed side lobes
can be seen. Taken from [36]

Parabolic Mirror

In the ray approximation a point source in the focus of a parabolic mirror results
in an outgoing collimated beam, that means an outgoing plane wave. Since the
antenna is not an ideal point source and the ray approximation does not hold for
microwaves in the dimensions involved, the outgoing beam is not a perfect plane
wave. It is rather an imperfect Gaussian beam. However, as later results show, it is
close enough to plane waves that the electromagnetic responses as predicted by the
1D model can be produced. The parabolic mirror is therefore a crucial part of the
setup.

In the proof of principle setup two parabolic mirrors were used so far. They are
both off-axis parabolic mirrors with an effective focal length long enough to accom-
modate the antenna in the focal point. The effective focal point is twice the parent
focal point of the parabola.

The rst one was a commercially available product. The re ective surface is
plated in gold to increase re ectivity. It was later realized that the beam width is
bigger than the small parabolic mirror. A new bigger version was then custom made
by the MPP workshop. It is made from aluminium and has no plating. This new
mirror increased signal strength by about 50 % as it captures more of the beam.

gold plated aluminium

diameter [mm] 101.6 250
effective focal length [nm] 152.4 152.4
off-set angle [deg] 90 90

Table 3.3: Parabolic mirror speci cations
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