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Abstract

One possibility of a scalable architecture for superconducting quan-
tum bits (qubits) is based on distributive quantum information pro-
cessing. It requires connecting distant quantum nodes with classi-
cal and quantum channels to build a quantum network. In order to
achieve high entangling rates for distributed quantum computing, a
direct quantum channel which realizes deterministic remote entangle-
ment with high fidelity between different nodes is necessary [1, 2, 3].

This project describes the design, simulation and realization of 3D
cavities forming the basis of a quantum node. By incorporating 3D
cavities into the design it is possible to realize a direct connection to a
microwave waveguide. This enables a quantum channel with minimal
loss. Additionally, a coupling of two 3D cavities realizes a Purcell filter,
which is advantageous fast readout [4]. Furthermore, superconducting
qubits in 3D designs typically achieve increased life- and coherence
times compared to 2D implementations [2].
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1 Introduction

This semester thesis discusses the design, simulation and realization of two
3D cavities directly coupled to each other. In addition, one of the cavities is
coupled to coaxial cables for readout and the other one to a waveguide for
quantum communication. A schematic of the final device is shown in Fig. 1.

Figure 1: Interior boundaries of the final design as modelled in COMSOL.
The two front facing cavity boundaries are removed for visibility. The bottom
cavity (QB) contains the qubit on a silicon chip, the top cavity (PF) acts as
the Purcell filter. The connection to the outside is done using the output and
input ports (coaxial cables) at the top. The bottom QB cavity is tuneable via
insertion of a sapphire rod. At the bottom, the waveguide (WR90) acts as a
quantum channel connecting two nodes. The coupling between the cavities
and to the waveguide are realized by antennas.

A good characterization of the control over a quantum network is the
demonstration of the violation of a Bell inequality [5, 6, 7]. This Bell test
can be used as a witness for entanglement. In addition it shows the existence
of a non-local interaction, if the experiment is performed without loopholes.
A loophole-free Bell test using typical circuit QED systems requires the two
quantum nodes to be spatially separated over tens of meters. The device
designed in this project is planned to be used for a Bell test in the future.
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2 Design Criteria

In the following section the main design criteria for the device are described
in detail. The final technical drawings are shown in appendix B.

2.1 Waveguide

The unidirectional coherent interaction required for the generation of de-
terministic remote entanglement is mediated by microwave photons [8, 9].
Rectangular waveguides represent an efficient way of transmitting microwave
photons over distances of tens of meters [10]. Low loss in a 3D architecture is
obtained by direct coupling of the QB cavity to the rectangular waveguide.

In addition, rectangular waveguides have a cut-off frequency fC , sup-
pressing the propagation of modes below fC exponentially. The waveguide
used in this setup (WR-90) has an operating range from 8.3 to 11 GHz and
a cut-off frequency fC = 6.5 GHz.

2.2 PF and QB Cavity

The transmon qubit should be fabricated on a silicon chip and placed into
the QB cavity. The Purcell filter (PF) is coupled to the QB cavity. The
QB cavity couples trough the Purcell filter to an external transmission line.
This enables the selection of particular modes that couple to the outside.
Only modes that are also supported in the PF cavity can decay from the QB
cavity.

Without the Purcell filter, the output port would be placed at the QB
cavity, coupling the environment directly to multiple modes of the cavity.
The Purcell filter reduces the number of available modes. The suppression of
modes at the qubit frequency reduces the qubit decay via this decay channel.
The qubit lifetime can therefore be increased beyond the limit imposed by
the bandwidth of the QB cavity modes through the Purcell effect.

As a consequence, the Purcell filter allows for fast readout, since the
readout time decreases with stronger coupling of the qubit to the cavity
mode and the effective linewidth of the cavity.

There are three relevant frequencies for the cavity design:
fReadout = 4.8 GHz: This frequency is used for the dispersive readout of

the qubit. It is an eigenfrequency of both the QB and PF cavity.
fQubit = 6.3 GHz: This is the transition frequency from the ground state

to the first excited state of the transmon qubit. To guarantee a long lifetime,
this frequency is not resonant with any modes of the QB and PF cavity.
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fTransfer = 8.35 GHz: At this frequency, the quantum communication
between the two nodes is realized. This frequency is an eigenmode of the
QB cavity only.

The cut-off frequency fC of the waveguide is such that

fReadout, fQubit < fC < fTransfer. (1)

The eigenfrequencies of a rectangular cavity of size (a× b× d) are given
by

fmnl =
c

2π
√
µrεr

√(mπ
a

)2
+
(nπ
b

)2
+

(
lπ

d

)2

, (2)

where c is the speed of light, µr the permeability, εr the permittivity and
m, n, l integers.

We are only interested in the lowest eigenmodes, which have n = 0,
hence they do not depend on the height of the cavity, leaving us with two
parameters per cavity (a× d). The heights of the two cavities are chosen as
small as possible such that the coupling pins fit inside and such that modes
with n > 0 are at frequency higher than f111 = 13.4 GHz. In particular b =
12 mm for the QB and b = 17 mm for the PF cavity.

The only condition for the PF cavity is that f101 = fReadout. To re-
duce the amount of different eigenfrequencies, the PF cavity is chosen to be
quadratic. This results in a rectangular cavity of approximately 43×43 mm.

The QB cavity has two conditions: f101 = fReadout and f102 = fTransfer.
This requires a rectangular cavity of approximately 55.2× 36.4 mm.

These four dimensions already give the complete mode structure as seen
in Fig. 2.

Note that from these particular mode design criteria, the QB cavity has
an unwanted mode at f201 = 6.75 GHz. However, the qubit does not strongly
couple to this mode due to its placement (see next section). This mode also
has a high Q value, because neither the PF cavity nor the waveguide couple
to this mode.
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(a) QB f101 = 4.8 GHz (b) PF f101 = 4.8 GHz

(c) QB f201 = 6.75 GHz (d) QB f102 = 8.35 GHz

(e) QB f301 = 8.92 GHz (f) QB f103 = 12.73 GHz

Figure 2: The norm of the electric field for three planes is plotted in color,
where red is high and dark blue is low. The black outlines represent the
boundaries of the device, which shows the same features as in Fig. 1, without
the sapphire rod. Shown are some selected eigenmodes of the PF (top) and
QB (bottom) cavity. On the bottom, the modes inside the waveguide (WR)
are also shown. The eigenmodes are simulated in COMSOL.
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2.3 Qubit Placement

The transmon qubit is placed inside the QB cavity on top of a silicon chip,
as seen in Fig. 2. We require the qubit to only couple to the 101 and 102
mode.

By placing the qubit at (d/4, a/3) in the x-y plane, the coupling to the
first two unwanted modes (201 and 301) is minimized. The first higher mode
that couples to the qubit and the waveguide is the mode at f103 = 12.73 GHz.

2.4 Coupling

All couplings are realized with coaxial cables, which form an antenna cou-
pling through an exposed centre conductor pin. The pin length determines
the strength of the coupling. With the position of the pins, the eigenmodes
that will be coupled can be selected. In combination with the discrete eigen-
mode spectrum of 3D cavities, this allows for precise control of the coupling
between cavities, to waveguides or to the outside.

2.4.1 Coupling PF cavity to outside ports

The input and output ports are placed on top of the PF cavity. The readout
is performed at fReadout = f101 = 4.8 GHz. The output port is thus placed
at the maximum of the 101 mode, which is the middle. As a compromise,
the input port is displaced from the middle by 1.5 mm. Since the input
port is around 100 times weaker coupled than the output port, the broken
symmetry should have a reduced effect.

2.4.2 Coupling PF cavity to QB cavity

We want to exclusively Purcell filter the 101 mode, thus only this mode
should be coupled between the PF and QB cavity. The coupling pins are
placed in the middle of both cavities, which is the maximum of the 101 mode.
This mode is the only relevant Purcell filtered mode. Higher eigenmodes are
either not coupled due to the pin placement, never resonant for both cavities
such that excitations can not transfer between the QB and PF cavity, or are
far detuned from the qubit frequency. This should prevent the qubit from
decaying to the PF cavity.

2.4.3 Coupling QB cavity to waveguide

The coupling between the QB cavity and the waveguide is also realized by an
antenna. A hole aperture could not achieve a strong enough coupling on the
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order of tens of MHz. The waveguide is required to couple to the 102 mode
of the QB cavity. Hence the coupling pin inside the QB cavity is placed at
the maximum of the 102 mode at (d/4, a/2) in the x-y plane.

2.5 Frequency Tunability

An interaction between two separate nodes requires the transfer mode fTransfer
= f102 to be on resonance. However, due to manufacturing limitations, we
expect uncertainties in the cavity modes, see section 3.3. Thus the ability to
tune the 102 mode of the QB cavity of at least one of the two nodes is neces-
sary. By tuning the 102 mode of the QB cavity of one node, its 101 mode is
also shifted and no longer on resonance with the 101 mode of the connected
PF cavity. The resulting detuning needs to be corrected by reworking the
corresponding PF cavity. The tunability is realized by inserting a sapphire
rod into one side of the QB cavity at the maximum of the 102 mode at (b/2,
a/2) in the x-z plane.

3 Simulations

All of the simulations are done in COMSOL Multiphysics 5.1, using the
eigenfrequency and frequency domain solver of the RF module.

3.1 Coupling

3.1.1 Coupling PF cavity to outside ports

The coupling κ of the input and output ports at the PF cavity can be deter-
mined directly from the quality factor Q simulated with the eigenfrequency
solver. It is given by the relation

κ

2π
=
ω

Q
. (3)

The output port couples with κout/2π = 48 MHz to the 101 mode for a
pin length of 6.2 mm. The input port couples with κin/2π = 730 KHz to
the 101 mode for a pin length of 0.6 mm. Due to its displacement, the input
port also couples weakly to the 102 and 201 modes. This coupling is of order
80 KHz, so 10 times weaker than the coupling to the 101 mode.

8



3.1.2 Coupling PF cavity to QB cavity

A transmission measurement from the input port 1 to the output port 2
(at the PF cavity) allows to evaluate the coupling between the PF and QB
cavity. In Fig. 3, the simulated S21-parameter is fitted with a model for
coupled cavity systems [11]. To obtain a coupling strength of 10.9 MHz, a
pin length of 5 mm reaching into each cavity is necessary. The PF cavity
has an eigenfrequency of f101 = 4.834 GHz, where as the QB cavity has f101
= 4.848 GHz.

Figure 3: Real and imaginary part of simulated S21-Parameter (points),
fitted with a model for coupled cavity systems (line). Port 1 is the input at
the PF cavity, port 2 the output.

From the electric field distribution, we also observe a distortion of the
eigenmodes due to the deviation in permittivity induced by the sapphire
chip, which brakes the symmetry. The 201 mode is quenched and its anti-
node is shifted from the middle. To minimize the coupling of this mode to
the PF cavity, the pin inside the QB cavity is displaced by 0.5 mm from
the middle by shifting the whole bottom QB cavity with respect to the
PF cavity. In Fig. 4, the transmission from the input port 1 at the PF
cavity to an extra output port 4 at the QB cavity is simulated. Without the
displacement described above, the resonance at 6.75 GHz couples stronger to
the environment. With a displacement of 0.5 mm, the resonance of the 201
mode shows a high Q value, indicating the reduced coupling to the output
coaxial wire. The resonance can be further suppressed by placing another
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silicon chip into the QB cavity on the opposite side to restore the symmetry.
We have not done this to keep construction simple.

Figure 4: Simulated S41-Parameter of the 201 QB cavity mode. Port 1 is a
coaxial port at the PF cavity, Port 4 at the QB cavity.

3.1.3 Coupling QB cavity to waveguide

The coaxial pin inside the waveguide represents a right-angle coax to waveg-
uide transition. This connection has two parameters: The pin length reach-
ing into the waveguide and the distance of the pin to the end on the waveg-
uide, which is called back-short. In Fig. 6 the S-parameters of a coaxial
input port C placed on top of a WR90 rectangular waveguide (without QB
/ PF cavity) to a rectangular output port W are simulated. The two pa-
rameters are optimized to minimize the reflection at the transfer frequency
fTransfer. The resulting pin length is 7.05 mm and the back-short 7.4 mm.
Below the cut-off frequency of around 6.5 GHz, the propagation of modes
in the waveguide is exponentially suppressed, thus SWC → −∞ dB, while
SCC → 0 dB. At fTransfer = 8.35 GHz the reflection is maximally suppressed:
SWC = −0.16 dB and SCC = −38 dB.

This represents an infinite coaxial cable coupling to the waveguide. How-
ever in our setup, we want to couple the 102 QB cavity mode to the waveg-
uide. Hence, the optimal pin length for our coupling differs from the one
found above. For a coupling of 18 MHz at a frequency of 8.359 GHz a pin
length of 4.8 mm reaching into the waveguide is needed. The pin length inside
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Figure 5: COMSOL model of the boundaries used for the simulation of
the coupling between the coaxial cable and the waveguide. The two ports
are marked in blue: Coaxial cable port C on top of the waveguide, and
rectangular waveguide port W at the back.

the QB cavity is 4.4 mm. This coupling can be evaluated from a reflection
measurement on the rectangular port 3. The simulated S33-parameter can
be found in Fig. 7.

From the same simulation, the absolute values squared of all S-parameters
are shown in Fig. 8. This reveals that all of the lost signal exits at the output
port at the PF cavity. The loss is about 0.8 %.
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Figure 6: Simulated reflection and transmission S-Parameter of a coax to
waveguide transition. Port C is the coaxial cable coming from the QB cavity,
Port W the rectangular waveguide.

Figure 7: Real and imaginary part of simulated S33-Parameter (points) of
the waveguide coupled to the QB cavity, fitted with a complex Lorentzian
(line). Port 3 is the rectangular port at the waveguide.
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Figure 8: Simulated S-Parameter of the waveguide coupled to the QB cavity.
Port 1 and 2 are coaxial output ports at the PF cavity and Port 3 is the
rectangular input port at the waveguide.
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3.2 Surface Currents

The surface currents of the two cavities go along the z direction, as seen in
Fig. 9. Due to manufacturing constraints, each cavity needs to be made out
of two pieces. In order to minimize current loss, the cavities are separated
along the the current direction.

Figure 9: Simulation of the normalized surface current density (red arrows)
and its norm (color boundaries, in A/m) for fReadout. The surface currents
go along the z direction of the two cavities. The device shows the same
features as Fig. 1.

3.3 Manufacturing Tolerances and Frequency Tunability

The deviation of the cavity eigenfrequencies due to manufacturing limitations
is estimated by incorporating tolerances into all cavity dimensions when
simulating the eigenmodes. Assuming tolerances of 0.5 mm, in the worst
case we expect to observe shifts in the eigenfrequencies of 8 MHz.

Two options to correct for the expected shift in eigenfrequency of the 102
mode of the QB cavity are considered, both involve the precise insertion of
a rod of different material through a hole in the side of the QB cavity.

The first option is a rod made out of a conductive material, e.g. alu-
minium. Essentially this represents a very bad coaxial port with a highly
mismatched impedance, thus the loss of electric field is minimal. This is
achieved by making the gap between the rod and the cavity as small as
possible without touching.
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The second material is a dielectric, e.g. sapphire. The loss through the
hole in this case is suppressed by a high cut-off frequency, which is 35 GHz
for a hole of 5 mm diameter.

The simulated shift in eigenfrequency ∆fnml(x) of the mode nml de-
pending on the insertion length x of the two possible rods are shown in
Fig. 11 and 10. The conductive rod first introduces a shift in positive direc-
tion relative to zero insertion, then changes direction at a certain insertion
length. The dielectric rod introduces a negative shift. For both options the
102 eigenmode with initial frequency fTransfer is influenced the most, with
∆f102(4 mm) ≈ 30 MHz.

Due to the cavity mode structure, other modes than the 102 mode are
also affected by the tuning. A compromise has to be made, and a slight shift
in frequency fReadout of the 101 mode needs to be accepted. The difference
between the two options becomes apparent for this 101 mode. The conduc-
tive rod induces a bigger shift (∆f101(4 mm) ≈ 20 MHz) compared to the
dielectric rod (∆f101(4 mm) ≈ 4 MHz). Due to the coaxial nature of the first
option, there are also new dipole modes introduced, and most eigenmodes
are deformed. For these reasons using a sapphire rod is advantageous.

In Fig. 11 we observe ∆f102(4 mm)−∆f102(1 mm) ≈ 30 MHz with 3 mm
travel. At x0 = 3 mm insertion we observe ∆f102(x0) ≈ 15 MHz. The QB
cavity is fine tuned, i.e. shortened by 0.14 mm in both length and width in
order to bring frequency fTransfer = f102(x0) to this half point. This gives
the ability to adjust fTransfer for 15 MHz in both directions with 3 mm travel
compared to the fixed cavity.

To bring the 101 mode of the QB and PF cavity back into resonance,
the PF cavity is shortened by 0.1 mm in length and width such that fPF

101 =

fQB
101 (x0).
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Figure 10: Simulated shift in frequency of the QB cavity induced by the
insertion of an aluminium rod of 5 mm diameter. The shift is relative to the
frequency at zero insertion and plotted for selected eigenmodes.

Figure 11: Simulated shift in frequency of the QB cavity induced by the
insertion of a sapphire rod of 5 mm diameter. The shift is relative to the
frequency at zero insertion and plotted for selected eigenmodes.
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4 Realization

This section describes the realization of the cavity system discussed above.
All components are designed in Autodesk Inventor. Two designs are finalized:
One tuneable in frequency, the other one fixed.

The final fixed device consists of four elements: Waveguide Connector,
Cavity Main, PF Cavity Lid and QB Cavity Lid. For the tuneable device,
the QB Cavity Lid is altered, and a Translation Stage is added.

An exploded view of the final tuneable device can be seen in Fig. 12.
All elements are milled in aluminium 6061, except for the Translation Stage,
which is made out of copper.

Figure 12: Exploded view of the final tuneable device rendered in Autodesk
Inventor. Components from bottom left to right: Waveguide Connector,
Cavity Left, PF Cavity Right, QB Cavity Right, Sapphire Rod, Translation
Stage.

4.1 PF and QB cavity

The PF and QB cavity are made out of three parts in total. Cavity Main is
the main part into which the QB and PF cavity are milled. This part defines
the position of the cavities with respect to each other. Each cavity is closed
with a lid (QB Cavity Lid and PF Cavity Lid) which is attached with M3
screws. A centring on each cavity guarantees a precise fit. The QB cavity
is separated at the qubit position, such that the sapphire chip can be placed
into a milled holder.
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4.2 Coupling

All coaxial cables are hold in place by M2 grub screws, which are placed in
threaded holes in the main part.

4.3 Waveguide

A WR-90 waveguide is used. The Waveguide Connector can be attached to
the bottom of the main part. The waveguide is adapted to the connector
with a WR-90 standard flange using M4 screws.

4.4 Frequency Tunability

The insertion of the sapphire rod is controlled by mounting the rod on top
of a precision translation stage (MDE265 by Elliot Scientific) with 3 mm
travel. The translation stage is mounted to a piece that is attached to the
side of the QB cavity. It is possible to fix the translation stage in different
positions, allowing a sapphire rod of 17 mm length to be inserted from 0 to
11 mm into the cavity.

4.5 Thermalisation

There are multiple M3 screw threads on each side. Screws secured in these
threads which are connected to copper braids should allow for a better ther-
malisation of the aluminium blocks.

5 Experimental Results

For initial testing, only the fixed device is fabricated, see Fig. 13. Due to
issues while manufacturing, the Waveguide Connector is not yet fabricated.
Hence the complete system can not be measured. Instead, the connection to
the waveguide is left open as a hole. This means that all cavity frequencies
in the QB cavity differ from the values simulated above, due to the absence
of the pin reaching into the QB cavity that connects to the waveguide.

In Fig. 14 a transmission measurement from input port 1 to output port
2 at the PF cavity is shown over a wide frequency range. Below 9 GHz
the spectrum shows the following features: At fReadout we observe a wide
resonance, which is discussed below. At 7.9 GHz is a narrow resonance. This
is the 102 mode of the PF cavity which couples weakly due to the finite size
of the coupling pin. At higher frequencies, we observe a multitude of PF
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Figure 13: Photograph of the device used for the measurement. It features
the following parts: Cavity Main to the left, PF Cavity Lid and QB Cavity
Lid on top of each other to the right. The long straight coaxial cable is the
output port, the short bent coaxial cable the input port. The left PF cavity
shows the empty hole mount for the waveguide connection.

or QB cavity modes, making it hard to assign frequencies to specific modes
(frequency crowding).

Fig. 15 shows the detailed spectrum around fReadout of the transmission
measurement. The S21-parameter is fitted with a model for coupled cavity
systems [11] in order to retrieve the coupling between the QB and PF cavity,
analog to section 3.1.2. The resulting coupling strength is 8.4 MHz with the
101 mode of the PF cavity at 4.806 GHz and the QB at 4.883 GHz.

A simulation with the same setup gives a coupling of 11.3 MHz with the
101 mode of the PF cavity at 4.823 GHz and the QB at 4.890 GHz. The
difference to the measured eigenfrequency is 17 MHz fo the PF and 7 MHz
for the QB cavity.

5.1 Discussion of Experimental Results

The measured eigenfrequency of the 101 modes for both the QB and PF
cavity differ from the simulation. The difference is above of what is expected
from the manufacturing tolerances of the cavity dimensions. The reason for
this is unclear. A precise measurement of the cavity dimensions is required
to validate the fabricated pieces.

The measured coupling between the PF and QB cavity is close to the
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Figure 14: Measured absolute value of the S21-Parameter. Port 1 is the input
at the PF cavity, port 2 the output. The connection to the waveguide is left
open as a hole. The red dotted vertical lines represent the three relevant
frequencies: fReadout = 4.8 GHz, fQubit = 6.3 GHz, fTransfer = 8.35 GHz.

simulation. It is the first time that a coupling on the order of tens of MHz
has been realized between 3D cavities. This demonstrates the feasibility of
Purcell filters in 3D architectures.

The coupling of the QB cavity to the WR could not be measured. Since
the experiment and the simulation agree for the coupling between the cavities
and the coupling to the WR is similar, we expect it not to differ by much
from the simulations. Thus the direct coupling form the QB cavity to the
waveguide seems feasible.
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Figure 15: Real and imaginary part of measured S21-Parameter (points),
fitted with a complex Lorentzian (line). Port 1 is the input at the PF cavity,
port 2 the output. The connection to the waveguide is left open as a hole.
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A Qubit Lifetime Simulation

The qubit lifetime is a crucial parameter, especially regarding quantum com-
puting. However, it can often only be measured from an existing setup, but
not simulated beforehand.

In the following, some thoughts and attempts to simulate qubit lifetimes
are discussed, which would make it possible to predict qubit lifetime during
the design.

A.1 Theory

A.1.1 Approach A

Following Fermi’s Golden Rule, the spontaneous emission rate is directly
proportional to the local density of states (LDOS). The LDOS depends on
the power exerted by a classical dipole, which depends on the electric field
at the point of the dipole source, see [12] for a detailed derivation.

The LDOS is given by

LDOS(~r) = − 2

π
ε(~r)

Re[ ~E(~r) · ~p0]
|~p0|2

, (4)

where ε(~r) is the permittivity, ~E(~r) the electric field at position ~r and ~p0 the
(real) electric dipole moment.

The spontaneous emission rate is then

Γ =
πω

3~ε0
|~̂p|2LDOS(~rD), (5)

with ω the frequency, ~̂p the quantum dipole operator and ~rD the position of
the dipole.

Using the semi-classical approximation |~̂p|2 ≈ |~p0|2, plugging in the
LDOS and assuming vacuum permittivity:

Γ ≈ −2ω

3~
Re[ ~E( ~rD) · ~p0], (6)

A.1.2 Approach B

This approach closely follows [13]. The main idea is to approximate the linear
elements of a qubit in a 3D cavity with an equivalent electrical circuit. The
qubit itself is not simulated, it is placed only afterwards in post-processing.
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This is done by adding the qubit capacity Cj and inductivity Lj , which
defines its transition frequency, to the simulated impedance at the qubit.

The resulting impedance ZSim(ω) can be decomposed using Foster’s the-
orem into parts corresponding to every resonance. From the parameters of
this decomposition, the lifetime T1(ωp) of a specific mode p can be calculated.
This is also valid for the qubit mode.

To get the lifetime for different qubit transition frequencies, i.e. T1(ω),
the impedance Lj(ω) is set frequency dependant, corresponding to the qubit
transition frequency. Thus ω always represents the qubit mode now, and
T (ω) is its lifetime.

This way we can tune our qubit to different transition frequencies and
simulate its lifetime in our cavity at all these frequencies.

A.2 Simulation

For both approaches, we need to place and simulate a dipole inside our cavity.
We use COMSOL Multiphysics 5.1 for this purpose. An example of such a
model is shown in Fig. 16.

Figure 16: Example of a dipole inside a 3D cavity with one coaxial output
port. The dipole is defined on a 2D work plane.

The dipole is best modelled by placing two rectangular pads in a 2D work
plane, as seen in Fig. 17. The thickness of the pads is neglected, but the
simulation runs much faster due to a more efficient meshing.
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Figure 17: Definition of rectangular dipole pads (left) and view of the 2D
work plane (right) in COMSOL.

In order to make the dipole pads conductive, a new Perfect Electric
Conductor (PEC) boundary condition has to be created, see Fig. 18 and 19.
The dipole can not be selected when using the initial PEC.

The dipole is completed by defining an lumped port as an input, as seen
in Fig. 20. From this port, the dipole can be excited and the impedance can
evaluated ("emw.Zport").

A.3 Conclusion

Unfortunately, we did not get satisfactory results. Following approach B,
Fig. 21 shows the simulated qubit lifetime for the 3D cavity in [14]. In this
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Figure 18: Initial PEC 1 used for defining the 3D cavity and new PEC 2
used for the dipole.

Figure 19: Perfect Electric Conductor boundary condition applied to the two
dipole pads.

cavity design, the first two modes the qubit couples to are the 101 mode
at 7.1 GHz and the 103 mode at 10.5 GHz. The qubit does not couple to
the 102 mode at 8.6 GHz. Near resonance of the 101 and 103 modes, the
simulation agrees well with the Purcell formula and shows a reduced qubit
lifetime. However off-resonance, where we expect longer qubit lifetimes, the
simulated lifetime is too short, below the limit imposed by the Purcell effect.
As expected, the simulated lifetime is not further reduced due to the 102
mode at 8.6 GHz.
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Figure 20: Lumped Port (input) defined between the dipole pads.

Figure 21: Simulation of the qubit lifetime following approach B. The Purcell
formula is plotted for the 101 mode.
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B Technical Drawings
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