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Abstract

A 3D microwave cavity can contain an electromagnetic field inside its walls. To trans-
mit the information contained in the cavity, it is possible to couple it to a waveguide, e.g.
through a hole in one of its wall. In this thesis, the design and fabrication of a cavity
to fulfill specific requirements of the electromagnetic modes are realised. The coupling
of the cavity to a waveguide is studied by simulations and by reflection measurements.
The influence of different characteristics of the system on the coupling is investigated,
such as the thickness of the wall between the cavity and the waveguide, the radius of the
coupling hole and the quality of the material used. Good agreement is found between the
simulations and the measurement results.
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1 Introduction

The motivation for this project is the realisation of a system capable of measuring the vio-
lation of Bell’s inequality, in which the detection and locality loophole are simultaneously
closed.

Several experiments have been performed already to verify the violation of these in-
equalities [1] [2] [3]. The first experiment was realised using photons [4], then the most
notable experiments were realised by Aspect et al. [5] [6]. However, two loopholes were
left open.

First, the detection loophole, arising from the low detection efficiency of photon de-
tectors : only a small portion of photons of all emitted photons are detected, with the
possibility that the sub-ensemble of photons which are detected doesn’t represent the
whole ensemble. This lead to the ’fair sampling hypothesis’, affirming that the sample of
photons detected represent fairly the ensemble of whole photons emitted.

The second loophole is the locality (or lightcone) loophole. It relies on the fact that
the duration of measurement is too long and the distance between the two particles too
small, so that information could be transmitted between the two particles at velocity up
to the speed of light.

The first experiment to overcome the locality loophole was realised in 1998 by Weihs
et al. [8]. The detection of the photons were realised 400 m apart and the measurement
of the order of the ns, so that no information could possibly be sent between the two
detectors before the end of the measurements on both sides.

The detection loophole was closed for the first time in 2001, in an experiment by Rowe
et al. [7] using ions. No fair-sampling hypothesis was required, as the outcome of every
experiment was measured with sufficient fidelity.

Many experiments have been performed with various systems of photons, ions, neutrons
[9] and even in solid state [10]. However, so far no experiment was performed completely
loophole-free, such that local realistic theories cannot yet be ruled out.

The final system should be composed of two cavities connected by a several meters
long waveguide, with a qubit positioned in the middle of each cavity. Read out will be
performed by two coaxial cables on each cavity. To entangle the two qubits, the coupling
between the cavity and the waveguide is a crucial characteristic to understand and realise
such a system. This coupling, more specifically the coupling between the cavity and the
waveguide, is the main focus of this report. The system is schematically illustrated in
figure 1.
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Figure 1: Sketch of the system



2 Theory

This chapter presents a theoretical background on waveguides and cavities. The charac-
terisation of a system by the S-parameters and the Q-factor is also explained.

2.1 Waveguide

A waveguide is a hollow metallic structure guiding high frequency radio waves. The
geometry of a rectangular waveguide is presented in figure 2. It is characterised by the
two dimensions a and b of the waveguide, and by the permeability ;4 and permittivity e of
the material inside the waveguide.

<

Figure 2: Geometry of a rectangular waveguide [12].

There are transverse electric (TE) and transverse magnetic (TM) modes. TE modes
are modes with the component of the electric field along z, E,, equal to zero and the
component of the magnetic field along z, H,, not equal to zero. TM modes are modes
with H, = 0 and F, # 0. Both TE and TM modes can propagate in the waveguide. There
is a cutoff frequency below which no mode can propagate.

The focus of this thesis is on TE modes. Each mode mn has a cutoff frequency f*"
given by :

mn __ kC

¢ 2m /e

where the cutoff wavenumber k" can be written as :

(2.1)

= [+ (2T (2:2)

The dominant mode is the mode with the lowest cutoff frequency. For a rectangular
waveguide, the dominant mode is the T'F19 mode (m = 1,n = 0), with f. = 2a\1//E' Usually
only the dominant mode is interesting for propagation. This requires that the frequency
range stays between the cutoff frequency of the T E1g mode and the cutoff frequency of
the next mode.

For the waveguide WR90 with dimensions ¢ = 22.86 mm and b = 10.16 mm, the
recommended frequency band of operation is : 8.20 to 12.40 GHz (X-band), and the lower
cutoff frequency f. = 6.56 GHz. Figure 3 shows the ideal loss as a function of frequency
for a WR90 waveguide made of copper. For frequencies below the cutoff frequency, there
is no propagation in the waveguide, which corresponds to infinite loss. Then the loss drops
after the cutoff frequency and stays really low in the operating frequency range.




2 THEORY

Waveguides have a low bandwidth of operation, but their losses are also really low.
For the WR90, at selected mid-band frequency, i.e. 10 GHz, the (ideal) loss if & = 0.108
dB/m.
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Figure 3: Waveguide loss for a WR90 out of copper. [13]

2.2 3D cavity

A cavity is a waveguide closed at both end, forming a closed box. The electric and magnetic
energies are stored within the cavity. Power dissipation occurs in the metallic walls of the
cavity and in the dielectric material filling the cavity. It is possible to realise a coupling
by a small hole or a small probe in the cavity.

The propagation constant of the mnth TE or TM mode is Sy = /k? — (2F)2 — (BF)2
where k = w,/L€.

The solution is then given by : Bpnd = Ir with [ = 1,2, 3, ..., which implies that
the cavity must be an integer multiple of a half-guide wavelength long at the resonant
frequency.

The resonance wave number for the rectangular cavity can be defined as

b = | (2 + (22 1 (T (2.3

2.3 S-parameters

The S-parameters represent the reflection and transmission coefficients in a system. They
are the elements of the scattering matrix S. The S-parameters are complex number, with
an amplitude and a phase, S;; € C, where 7 indicates the output port and j the input
port.

For ¢ = j, S;; is the reflection coefficient ; whereas for two different ports ¢ and j
(¢ # j), Sij is the transmission coefficient.



2 THEORY

Considering a system with two ports, ports 1 and 2, the S-matrix is a 2x2 matrix :

b1 S11 512> <a1>
= 2.4
<52> (521 Sa2 ) \ a2 (24)
where a; is the voltage applied to port i, b; the voltage coming out of port 7.
If a voltage V is applied at port 1, then a; = V and as = 0 such that the S-parameters

can be determined by measuring the voltage coming out of ports 1 and 2 : the reflection
coefficient b; = S11 - a1 and the transmission from port 1 to port 2 : by = S5 - as.

2.4 Q-factor

The Q-factor represents the quality of the system, it is defined as :

Energy stored

Q=2 (2.5)

7TEnergy dissipated per cycle

For high values of the Q-factor, as in the system studied, the Q-factor is given by the
following ratio :
o

- Af

where fj is the resonant frequency and Af the full bandwidth at half maximum. It can
be separated into two contributions :

Q (2.6)

1_ 11
Q Qint Qe:r}t
where the internal Q-factor @i, characterises the quality of the internal system, i.e. the

internal loss, and the external Q-factor Qext represents the loss to the outside of the
system, i.e. the designed coupling to the outside.

(2.7)



3 Design of the cavity

3.1 Simulations

3.1.1 Cavity for the final system

First, simulations of the electric field inside the cavity are performed with Comsol [16].
The cavity is rectangular with round edges in the x direction, as shown on figure 4. It has
two coaxial cables which represent port 1 and 2. The simulations are performed supposing
the cavity made of a conductor with electrical conductivity o = 109 S/m. The dimensions
are chosen so that the following requirements for the different modes are fulfilled :

e Frequency of the first mode (TE 101) around 6-6.2 GHz

e Frequency of the next mode which couples to the qubit, (TE 301), between 10-11
GHz.

e Frequencies of the higher modes which couple to the qubit (modes TE 110, 501 and
111) as high as possible, as these couplings are undesired.

'
.

Figure 4: 3D cavity design of the Comsol simulations.

The norm of the electric field in the cavity for the first eigenmodes of the cavity are
shown in figure 5. The mode TE 101, for example, has one maximum in z, no maximum
in y and one maximum in z.

Possible dimensions to achieve these requirements are : ¢ = 44 mm, b = 9 mm and
¢ =28 mm. The frequencies and quality factor of eigenmodes of the cavity are presented
in table 3.1.

Mode | Eigenfrequency [GHz| | Quality factor
1] 101 6.10458 89544
2| 201 7.94000 108912
3] 301 10.28716 128962
4] 102 11.10235 114389
5| 202 12.20975 119795
8] 501 | 15.52681 | 164784 |

Table 3.1: Frequencies and Q-factor of modes of the cavity (Simulations from COMSOL).






3 DESIGN OF THE CAVITY

From the quality factor @, the factors Qext and @iyt can be determined by fitting
So1 as a function of frequency, as shown in figure 6. The fitting is given by the func-

tion L(TO7Q7f07f) = 4?# p

frequency.
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B

where 70 = max(S21) and fO0 is the resonant
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Figure 6: Lorentzian fitting of the So; parameter for the mode 301, with fy ~ 10.287 GHz

The external and internal Q-factors for the four first modes of the cavity are presented

in table 3.2.

Mode

Qext Qint

101 | 2.92771-107 | 89680

201 | 8.3288-10° | 110365

301 | 6.07742-10° | 131915

401 | 6.50747 - 10° | 116523

Table 3.2: Expected external and internal Q-factors for the first four modes of the cavity.

3.1.2 Cavity for the study of the coupling

In order to study the coupling between the cavity and a waveguide, a cavity with different

dimensions is designed. The aim is that

the first two modes of the cavity which couple

to the qubit, namely the TE 101 and TE 301 modes, can both couple to the waveguide.
Their frequencies thus must be in the operating frequency range of the waveguide. With
a cavity of dimension ¢ = 51 mm, b = 9 mm and ¢ = 18 mm, this requirement is fulfilled.
The frequencies of the first five modes of this cavity are shown in table 3.3.

Mode TE | Frequency [GHz]
1 101 8.73
2 201 9.74
3 301 11.23
4 401 13.04
5 501 15.04

Table 3.3: Expected resonance frequencies of the first five modes of the cavity.



3 DESIGN OF THE CAVITY

3.2 Design and fabrication of the cavity

The design of the cavity was made using the 3D CAD software Inventor [17].

The cavity is composed of two parts : the so-called bottom part of the cavity (Figure
7, left) and the coupling plate (Figure 7, right). The drawings of these two parts are
presented in the Appendix.

The coupling plate can be fixed with four screws on the cavity, with the coupling hole
in the middle of the plate. The four remaining holes are for the mounting of the waveguide
on the other side of the plate.

Figure 7: CAD design of the cavity.
On the left : the bottom part. On the right : the coupling plate.

The bottom part of the cavity is made of Al6061-T6 and stays the same for all the
measurements. The characteristics of the coupling plate are modified in order to see
the influence of several parameters on the coupling strength. The modifications on the
coupling plate are :

e The radius of the coupling hole is varied from 2.5 mm to 4.5 mm ;
e The thickness of the coupling plate is between 0.8 and 2.0 mm ; and

e The aluminium purity of the material which is used for the coupling plate is either
Al6061-T6 (with aluminium purity between 95.85% and 98.56%), or an Aluminium
of 99.5% purity.



4 Measurements

This chapter presents the measurement setup and explains how Q;nt and Qeyt are extracted
from each measurement.

The first series of measurements are performed with two coupling plates of different
thicknesses, both made of Al6061. For the first plate, of thickness 2.00 mm, the diameter
of the hole is initially of 6 mm and is increased by steps of 1 mm until 9 mm, which is the
height of the cavity. For the second plate, of thickness 1.50 mm, the diameter of the hole
is varied from 4 mm to 9 mm by steps of 1 mm.

4.1 Measurement setup

To measure the cavity resonances, a reflection measurement is performed with a Virtual
Network Analyzer (VNA). The power is set on —5.00 dB/m, the frequency is swept from
6 GHz to 15 GHz and the reflection parameter S1; is measured.

Figure 8 illustrates the measurement setup. The cavity is assembled to a waveguide
which is connected to the VNA.

Coupling plate

Waveguide

Figure 8: Scheme of the measurement setup

4.2 Calibration and background subtraction

First, the VNA is calibrated up to the waveguide.

Furthermore, a measurement of the ”background” is performed, to reduce the effects
of the resonances in the waveguide. Therefore, a measurement similar to the one explained
above is performed, expect that the cavity is disassembled from the waveguide and only
the coupling plate stays attached.

The Lorentzian model fits better the data after background subtraction. The incerti-
tude given by the fitting on the values of Qext and Qint are lower with the resulting data,
especially for small hole radius.

4.3 Measurement results

In figure 9, the real part of Si; is plotted as a function of the frequency. The resonant
peaks on the spectrum indicating the resonance frequencies of the cavity are even more
visible when the background data is subtracted from the data with the cavity, as can be
seen on figure 9 (on the right).



4 MEASUREMENTS
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Figure 9: Spectrum [on the left] and spectrum with background subtraction [on the right]
of the cavity resonances with the 1.5 mm thick plate with » = 3.0 mm.

A resonance can also be identified as a circle in the complex graph of Si; (Im[Si]
as a function of Re[S11]), which is shown in figure 10. The graph on the left shows the
data measured with the cavity (data with background) and the data measured without
the bottom part of the cavity (background). On this graph, only two circles come from
the data with background but are absent from the background, these are the searched
resonances of the cavity. By directly subtracting the data of the background from the
original data, only these circles remain, without considering the small circles around the
origin, corresponding to noise.

. Data with background

0.5 - Background 0.5
S o0 f G 00 ;
g E ¢
-05 -05
-1.0 -1.0
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Figure 10: Measurements of S;; with and without background subtraction, for the 101
mode of the plate of thickness 1.5 mm and radius 3.0 mm.

4.4 Fitting of the data

The values of the external and internal Q-factors, Qext and Qint, are extracted from the
data by a fit of the resonances of the S parameter. Two different fitting methods were
considered.

The explanation of these fittings can be found in [14] (Petersan & Anlage, 1998) and is
reported here, adapted for the reflection coefficient S instead of the transmission coefficient
Sa1. The second fitting method is also explained in [15] (Kajfez, 2005).

The complex reflection coefficient S is given in the limit of weak coupling and near

10



4 MEASUREMENTS

resonance (f ~ fo) by :

_ s
\/1 +i2Q(4 —1)?

where S is the maximum of the coefficient which occurs at the peak of the resonance

(f = fo)

The real and imaginary parts of S are given by the following equations :

S(f)

(4.8)

S
Re[S(f)] = \/1+4Q2(% 0 (4.9)
—52Q(L -1
Im[S(f)] AN R (4.10)

- V1+4Q2 (£ —1)2

The first fitting method is a simultaneous complex Lorentzian fit. As given by equations
4.9 and 4.10, Re[S(f)] and Im[S(f)] versus frequency data simultaneously fit a Lorentzian
curve using a nonlinear least-squares fit. Figure 11 shows the result of such a fit from one
of the S71 measurement.

0.4
— 02
z |
0.0
~02f
8.685 8.690 8.695
v/GHz

Figure 11: First fitting of the resonance of the 101 mode of the 1.5 mm thick plate with
r = 3.0 mm. Re[Sq1] is fitted in blue and Im[Sq;] in red.

The second fitting method is called the phase versus frequency fit. It consists of two
fits.

First, considering the data points near the resonance in the graph of Im[S] as a function
of Re[S], a circle fit is made, using a linearized least-squares algorithm. Each data point
is assigned a weight such that the points closer to the resonant frequency have a heavier
weight than those further away. The circle fit determines the centre and radius of a circle
which is a best fit to the data.

Then, the circle is rotated and translated so that its centre lies at the origin of the S
plane. The intersection of the circle with the positive real axis gives an estimation of the
resonant frequency. The phase angle of every data point with the positive real axis is then

11



4 MEASUREMENTS

calculated. Finally, the phase, Arg(S), as a function of frequency is fit, using a nonlinear
least-squares fit to :
/

B(f) = po + 2tan~1(2Q(1 — ]T))
0

where ¢q is the angle at which the resonant frequency occurs, fy and @) are determined

from the fit [14].
Figure 12 presents a result of this second method of fitting.
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_2F
0.0 0.1 02 03 04 0.5 8.685 8.690 8.695

Re[S] v
Figure 12: Second fitting of the resonance of the 101 mode of the 1.5 mm thick plate with

r=3.0 mm

Both fitting methods give similar results from the reflection coefficient measurements.

12



5 Results and discussion

5.1 Measurement results and discussion

First, the reflection coefficient is measured for two different plates of aluminium of thickness
1.5 mm and 2.0 mm, with varying radii of the coupling hole. Two resonances appear clearly
after background subtraction, corresponding to the TE 101 and TE 301 modes. From the
fitting of these resonances the external Q-factor Qext and the internal Q-factor Qint can
be extracted. For a radius of the hole below 2.5 mm, too few datas points are measured
at the resonances to obtain a fitting.

In figures 13 and 14, the measured values of Qext are plotted for each radius of the
coupling hole and compared to the simulations. The measured values of eyt decrease as
the radius of the hole increases, as predicted by the simulations.

30000 80000

@ Data (th=1.5mm)
@ Simulation

m Data (th=2.0mm)
@ Simulation

10000
. _ 10000
& 5000 & 5000
2000 1000
1000 500

3. 35 4, 45 2.5 3. 35 4. 45

r [mm] r [mm]

Figure 13: Measurements and simulations results of Qext as a function of the hole radius r
for the 101 mode of the plates of thickness 2.0 mm [on the left] and 1.5 mm [on the right].

30000 - . .
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@ Simulation @ Simulation
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% <000 - 10000/
S | 50007
2000+ 2000}
1000 | | 1()0()»' | | |
3. 35 4. 4.5 2.5 3. 35 4. 4.5

r [mm] r [mm]

Figure 14: Measurements and simulations results of Qext as a function of the hole radius r
for the 301 mode of the plates of thickness 2.0 mm [on the left] and 1.5 mm [on the right].

Comparing the results for the different plates, for a fixed hole radius, the Qcxt is higher
for the thicker plate, as presented on figure 15.

13



5 RESULTS AND DISCUSSION
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Figure 15: Comparison of the Qext measurement results as a function of the hole radius r
for the two plates.

Figure 16 presents the internal Q-factor Qin as a function of the radius of the coupling
hole for the two plates. The @iyt is higher for the thinner plate, up to a hole radius of 4
mm. This is not the case anymore for the measurements with a hole radius of 4.5 mm.

The cavity height is 9 mm, hence when the radius of the coupling plate reaches r = 4.5
mm, the hole has the same size as the height of the cavity. If the hole is not exactly centred
and aligned with the cavity, then the edges of the cavity might influence the coupling. To
avoid this source of error for the next measurements, the radius is kept below 4.5 mm.

1400.
2000+ 1200.
1500/ 1000.
£
& 800.
1000}
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25 3. 35 4, 4.5 25 3. 35 4, 45
r [mm] r [mm]

Figure 16: Comparison of the Qi measurement results as a function of r for the two
plates.

5.2 Simulations and sources of errors

As observed in the previous section, the measurements results are quite close to the simu-
lations but the external Q-factor Qeyt is lower than expected. To understand the discrep-
ancies between measurements and simulations, complementary simulations are made.

In the initial simulations, the cavity and the plate were supposed to be almost perfect
conductors, with an electrical conductivity of 10!° S/m. In reality, they are made of
Al6061-T6, with an electrical conductivity of 2.459 - 107 S/m. Simulations with a plate
of lower electrical conductivity are performed, using the geometry presented in figure 17.

14



5 RESULTS AND DISCUSSION

They result in a lower quality factor than with a perfect conductivity. Indeed, a better
conductivity means less surface currents and leads to less losses.

10 40 40

7 - B Ay, S
o =) = o
’ y AR

2

Figure 17: Geometry of the cavity, the coupling plate and the waveguide used in the
COMSOL simulations.
Left : Plain objects. Middle : Lines. Right : Mesh.

Furthermore, if the contact between the plate and the cavity is not perfect, the internal
Q-factor should be lower than expected. Simulations including a thin insulating layer
between the bottom part of the cavity and the coupling plate are realised to study this
effect.

The parameters used for the simulations are : an electrical conductivity of 10% S/m for
the cavity and the plate and 10'° S/m for the waveguide. The thickness of the coupling
plate is 0.8 mm and the radius of the coupling hole is 3.0 mm. The thickness of the
insulating layer is fixed at 0.2 mm and its electrical conductivity is varied between 102
and 108 S/m.

A frequency sweep of the S11 parameter around the resonant frequency of the TE 101
mode (around 8.7 GHz) is realised, figure 18. As the electrical conductivity of the insu-
lating layer, oinsuiator, increases from 100 S/m to 10% S/m, which equals the conductivity
of the cavity, the S1; peak becomes sharper, corresponding to a higher Qext-

0F ‘ ‘ ‘ = 8.665 8.666 8.667 8.668
-5 1 -5
@ o Cingulator=10% S/m %
= * Tinsutaor=10* $/m = Al
s 100 10t S/ 1 5 10
4 Cinsulaior=10* S/m i
~15} 1 -1s
8.660 8.665 8.670 8.675 8665 8.666 8667 8668
Frequency [GHZz] Frequency [GHz]

Figure 18: Frequency sweep of the Si; parameter around the eigenfrequency of the first
mode, for different conductivity of the insulating layer.

15



5 RESULTS AND DISCUSSION

As can be seen on figure 19, the quality factor increases as the conductivity of the
insulating layer increases. The eigenfrequency of the resonance is also shifted.

' s PY P FEKY
*
3000+ s e 18667
. s
. o 18.6665 2
& 2000t 18.666 =2
o
. =
1500l o 8.6655 g
83
. 18.665

1000 104 103 106 107 108

U-insu]ator[s/m]

Figure 19: Log-log plot of the @ factor and the eigenfrequencies as a function of the
conductivity ginsulator Of the insulating layer of thickness 0.2 mm.

An important source of error in the measurement results might be that the chamfer
of the hole is too big such that the measurement actually correspond to one for a hole
radius slightly higher than indicated. This would mean that the results are closer to the
simulations.

5.3 Measurements with high purity Aluminium

A new series of measurements is performed using plates with an Aluminium of 99.5%
purity (1050A, H14). Three different plates are studied, with thicknesses 0.8 mm, 1.0 mm
and 1.5 mm.

Using the same measurement setup as before, the frequency is swept from 7 GHz to
12 GHz and the Si; parameter is measured. Figures 20 shows a typical measurement of
the data, the background, and the data with subtracted background. A spectrum of the
final data is also shown in figure 21. The two resonances are clearly visible, corresponding
to the TE 101 and 301 modes, as before.

16



5 RESULTS AND DISCUSSION
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Figure 20: Data, background and data with background subtraction. Measurement with
a 1.0 mm thick Al99.5 plate and a 3.5 mm hole radius.
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Figure 21: Spectrum with background subtraction of the cavity resonances with the 1.0
mm thick Al99.5 plate with a 3.5 mm hole radius.
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Figure 22: First fitting method of the resonance of the TE 101 mode of the 1.0 mm thick
Al99.5 plate with a 3.5 mm hole radius.
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5 RESULTS AND DISCUSSION
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Figure 23: Second fitting method of the resonance of the TE 101 mode of the 1.0 mm
thick Al99.5 plate with a 3.5 mm hole radius.

The data are much cleaner than with the previous series of measurements. This is
explained by the fact that the frequency is swept only between 7 and 12 GHz instead of 6
to 15 GHz, which avoids all the noise in the lowest and highest frequency of the previous
sweep.

The fittings of the datas are also more precise with both methods, see figures 22 and
23. As more data points can be used for the fitting, the values of the external and internal
Q-factors are extracted from the fittings with smaller incertitude.

The external Q-factors Qext for each plate are plotted as a function of the hole radius
and compared to the simulations in figures 24, 25 and 26. The measurements follow closely
the simulations, for all three thicknesses and for the two modes.
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Figure 24: Measurements and simulations results of Qext as a function of the hole radius
r of the 1.5 mm thick Al99.5 plate, for the 101 mode [on the left] and the 301 mode [on
the right].
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Figure 25: Measurements and simulations results of Qext as a function of the hole radius
r of the 1.0 mm thick Al99.5 plate, for the 101 mode [on the left] and the 301 mode [on
the right].
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Figure 26: Measurements and simulations results of Qext as a function of the hole radius
r of the 0.8 mm thick Al99.5 plate, for the 101 mode [on the left] and the 301 mode [on
the right].
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Figure 27: Comparison of the measurement results of Qcxt as a function of the hole radius
r of Al99.5 plates of three thicknesses, for the 101 mode [on the left] and the 301 mode
[on the right].
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Figure 28: Comparison of the measurement results of Qi as a function of the hole radius
r of Al199.5 plates of three thicknesses for the 101 mode [on the left] and the 301 mode [on
the right].

Figure 27 presents a comparison of Qext as a function of the hole radius for the three
different plate thicknesses. As observed with the first series of measurements, the thicker
the coupling plate, the higher the Qext, for each hole radius. This is valid for the two
modes investigated.

The higher material purity of the plate from the second series of measurement is
expected to lead to better Qext and @iyt values. By comparing the Qext of the plates of
different types of Aluminium (figure 29), it appears that the Qex; of the plate made of
A199.5% is almost always higher than the other plate made of lower purity aluminium,
and therefore closer to the values of the simulations. The label 'Data’ refers to the first
series of measurements with the lower purity aluminium and the label 'Data Al99.5’ refers
to the measurements of the 99.5% purity aluminium.
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Figure 29: Comparison of the measurements results of Qext as a function of the hole radius
r for two different plates of different material and same thickness, for the 101 mode [on
the left] and the 301 mode [on the right].
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Figure 30: Comparison of the measurement results of Qi,; as a function of the hole radius
r for two different plates of different material and same thickness, for the 101 mode [on

the left] and the 301 mode [on the right].

By using a plate made of a purer material, the reflection measurements are less noisy,
and the measurement data are closer to the simulated values. This leads to believe that
using a higher quality plate, the systematic error in the measurements is diminished. Thus

using a good material is important to get
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precise and exact measurement results.
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6 Conclusion

The design and fabrication of a system composed of a 3D microwave cavity coupled to a
waveguide was realised.

The dimensions of the cavity can tune the eigenfrequencies of the eigenmodes of the
cavity. These simulations allowed to choose the optimal dimensions to fulfil specific re-
quirements on the different modes inside the cavity. These dimensions were thus chosen
so that only the first two modes coupling to the qubit placed in the middle of the cavity,
i.e. the modes TE 101 and TE 301, will propagate into the waveguide. Their frequencies
are in the optimal usable frequency range of the waveguide WR90.

A coupling plate with a hole in the middle assures the coupling between the waveguide
and the cavity. By adjusting two parameters of the geometry of the plate, namely the
thickness of the plate and the radius of the coupling hole, one can obtain the desired
external Q-factor, and the corresponding internal Q-factor.

The quality of the material used has also an importance in the quality factor of the
system. To obtain better results, the conductivity of the cavity and the plate should both
be of high value.

In conclusion, the expected resonance frequencies of each mode, depending on the
dimensions of the cavity, can be determined by simulations and correspond closely to the
measured resonance frequencies. For a specific thickness of the coupling plate and hole
radius, the internal and external Q-factors determined by a reflection measurement and
fitting of the resulting resonance peaks also follow closely the simulations.
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