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Preface
Introduction
The Korea Undergraduate / Graduate / High School Science Program (KUSP)
is a research-oriented summer physics program hosted by the Institute for Basic Science
(IBS). Selected students participated in the world-leading research at the IBS Center.
In 2017, KUSP was held from July 3rd to Aug 4th, 2017, hosted by Center for Axion
and Precision Physics Research (CAPP). The total number of students was 25.
The KUSP students participated in the research activities and attended the topic related lectures. At the end of the program, KUSP students presented their research results
in a workshop and submitted a scientific report. This report is the collection of those
scientific reports written by KUSP students.
The best student of KUSP 2017 was chosen based on the scientific reports and poster
presentation.
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Computer simulations of tuneable rectangular cavities for axion
searches.
Ala' Alalabi
Supervisor: Dr.Lino Miceli
August 4 , 2017

1.

Abstract

The axion is a light pseudo scalar particle which is suggested as a solution to a
challenging problem ; the strong CP problem( charge-parity) .The increase of interest in
the axions' researches is due to the fact that axion can be a good dark matter candidate
if its mass is in the range of (1-100) ev. Axions can be detected by their resonant
conversion to photons in a microwave cavity permeated by a magnetic field. This
project aims to a rectangular cavity in the presence of magnetic field using COMSOL
Mulltiphysics as an attempt to predict the quality factor and the frequencies associated
to the model and ultimately detect the axions.
2.

Introduction

By measuring the EDM of a particle, an estimate of the neutron EDM was as the
following:
However, the limit was set by the experiment at:
Therefore, the measured value of the parameter is 10 orders of magnitude smaller
than QCD predictions. This problem is called the CP problem.
The strong CP problem is one of the most fascinating and mysterious problem in
physics. It has attracted many scientists.
In 1977, two physicists named Roberto Peccei and Helen Quinn came along and
suggested a mechanism called the Peccei-Quinn Mechanism. The axion was suggested as
solution for the strong CP problem .However, the strong CP problem isn't solved yet,
because, it's extremely hard to find the axion as it doesn't interact with many of the
particles in the standard model. However, it was found out that the axion can decay to
two photons .The fact that an axion decays into two photons in the existence a strong
magnetic field is of crucial importance in the axion experiments. If this happens inside a
cavity which resonates at the frequency of this photon, one can detect the axions
through an antenna placed inside the cavity. This will require a tuneable cavity in order
to search through a range of frequencies.
In order to tune a microwave cavity, tuning bars will be inserted inside the cavity
.By adding a hinging system; one can change the place of the two tuning bars and
eventually change the fundamental frequency. In this project, this system will be
modelled, and some computer simulations will be considered to predict exactly what
change in resonant frequency that a particular alteration in the tuning inside the cavity
will give. The electromagnetic radiation or photons will be detected in a span of
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frequencies. When the fundamental frequency of the cavity is the same as the frequency
of the photon produced by the axion, the conversion probability increases.
The equation that shows the theory behind this is the following:
( )

(1)

Where P is the axion conversion power. One can see easily from eq.1. that a strong
magnetic field is required .We also need a high quality factor in order to accomplish this
experiment.
Moreover, the fundamental frequency of a rectangular cavity can be calculated using the
following equation:
√( )

( )

( )

In this project, Comsol will be used to simulate the frequency cavity. We focused on
the fundamental frequencies.
3.

Computer simulations

We are applying Comsol Multiphysics Software to the study of rectangular cavities
suitable for axion searches in dipole magnets .We want to predict exactly what change
in resonant frequency that a particular change in the tuning inside the cavity will give.
It's noteworthy to mention that the designers of RF and microwave devices use the
RF Module to design antennas, filters, circuits, cavities, and materials. Using this tool,
mathematicians, physicist and engineers can simulate impedance, Q-factors, Sparameters, and power dissipation.
We've been learning gradually on how to use this sophisticated tool. As a starting
point we simulated the quality factor and the frequency of the empty cylindrical as well
as spherical cavities. (See (Figure.1.) and (Figure.2.))

Figure 1: Empty cylindrical cavity.
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Figure 2: Empty spherical cavity.

Then, the quality factor and the frequency for an empty rectangular cavity were
simulated using Comsol . (Figure .3.)

Figure 3: Empty rectangular cavity.

We also simulated the rectangular cavity when placing two sapphire plates. We noticed
that the Q-factor and the frequency have changes, as expected. It's noteworthy that the
reason why we chose sapphire is due to its excellent conductivity which results in low
loss of energy. (Figure.4.)

3
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Figure 4:Tuning bars insertion inside the rectangular cavity.

Our aim is to tune the cavity and study the change in the quality factor as well as the
frequency of the cavity. To accomplish this goal, we inserted a tuning mechanism inside
the cavity. A tuning mechanism in the cavity which spoils both of the Q –factor and the
geometry factor.
After adding the tuning mechanism (see figure) we're able to change the position of the
plates inside the cavity. Simulations using Comsol were done for different values for the
gap between the plates and the cavity's wall.

Figure 5: Insertion of a tuning mechanism in rectangular
cavity.

4
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The frequency was computed for different values of the gap between the cavity’s wall
and the sapphire plates .It was found out that the d the frequency will change
accordingly with the change of the value of the gap .(see table .1. )The shaded row in
this table shows the first fundamental mode which we focused on, in this project .It can
be seen that the value of the frequency drops when increasing the gap between the
cavity’s walls and the plates

Frequency
(Hz) in an
empty
Gap=1mm
cavity
6.10E+09
6.38E+09
6.61E+09
6.83E+09
6.87E+09
7.29E+09
7.41E+09
7.83E+09
8.09E+09
8.48E+09
8.86E+09
8.89E+09
8.95E+09
8.96E+09
9.15E+09
9.16E+09

5.68E+09
5.90E+09
5.91E+09
6.10E+09
6.26E+09
6.43E+09
6.77E+09
6.90E+09
7.33E+09
7.40E+09
7.47E+09
7.48E+09
7.72E+09
7.87E+09
8.04E+09
8.05E+09

Frequency in a rectangular cavity with a tuning mechanism
Gap=2mm

Gap=3mm

Gap=4mm

Gap=5mm

Gap=6mm

5.46E+09
5.67E+09
5.94E+09
6.02E+09
6.14E+09
6.49E+09
6.49E+09
6.58E+09
6.83E+09
6.98E+09
7.05E+09
7.20E+09
7.54E+09
7.56E+09
7.63E+09
7.66E+09

5.22E+09
5.43E+09
5.77E+09
5.96E+09
6.06E+09
6.17E+09
6.21E+09
6.35E+09
6.53E+09
6.72E+09
6.77E+09
7.02E+09
7.06E+09
7.23E+09
7.28E+09
7.35E+09

5.01E+09
5.21E+09
5.54E+09
5.69E+09
5.96E+09
5.97E+09
6.00E+09
6.20E+09
6.43E+09
6.44E+09
6.57E+09
6.80E+09
6.91E+09
6.97E+09
7.07E+09
7.12E+09

4.82E+09
5.02E+09
5.34E+09
5.40E+09
5.73E+09
5.75E+09
5.97E+09
6.20E+09
6.20E+09
6.21E+09
6.59E+09
6.65E+09
6.65E+09
6.82E+09
7.03E+09
7.08E+09

4.66E+09
4.86E+09
5.16E+09
5.18E+09
5.51E+09
5.58E+09
5.97E+09
6.00E+09
6.01E+09
6.21E+09
6.44E+09
6.50E+09
6.59E+09
6.86E+09
6.87E+09
6.97E+09

Gap=7mm Gap=8mm
4.53E+09
4.73E+09
4.96E+09
5.04E+09
5.32E+09
5.43E+09
5.82E+09
5.85E+09
5.97E+09
6.21E+09
6.26E+09
6.36E+09
6.59E+09
6.68E+09
6.86E+09
7.07E+09

4.44E+09
4.63E+09
4.76E+09
4.92E+09
5.14E+09
5.29E+09
5.66E+09
5.70E+09
5.96E+09
6.10E+09
6.19E+09
6.24E+09
6.49E+09
6.58E+09
6.75E+09
6.91E+09

Table 1: frequency obtained from a simulation of a rectangular cavity with and without in
inserting a tuning mechanism

The fundamental frequency of the cavity changed as in Figure 2 for different tuning
gaps, creating a range of 5.68 – 4.37 GHz the graph of frequencies will be found below
(i.e. graph.1).

Graph1: Frequency versus the gap between the cavity's walls and the
tuning plates.
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We also simulated the quality factor in the cavity for different values for the gap. Table 2 shows how
the quality factor increases when we increase the gap.
Q-factor
in an
empty
cavity
9520.4
10195
9602.3
11226
10208
11145
12496
12321
13871
13626
15211
14321
13500
8216.7
13740
8432.5
14933
13465
8882.3
16371

Quality factor in a rectangular cavity with a tuning mechanism
Gap=1mm

Gap=2mm

Gap=3mm

Gap=4mm

Gap=5mm

Gap=6mm

7637.3
8180.1
8696.7
8994.6
8982.4
9513.4
9927.5
10146
7798.8
10862
10684
7815.9
7946.4
7723.2
7959.2
8272.6
11497
10939
8274.1
8925.8

7764.3
8338.4
9010
9237.4
9402.1
10391
10076
9572.4
9779.2
10966
11723
10068
11231
11877
13126
10486
11714
8119.4
8898.9
12106

8082.1
8737.4
9814.9
9259.4
11568
9738.1
11305
11901
10550
13213
12464
11867
15079
15510
13452
16052
12689
18119
14084
16592

8481.3
9237.6
10520
13425
12373
9462.5
13867
10014
14852
14441
11086
19659
17993
15648
12782
20494
21865
16376
14162
21073

8897.9
9763.7
11250
14996
15547
13438
9645.4
16378
16417
10253
11390
20289
19868
22534
23490
12990
25390
20182
32442
24210

9306.2
10282
16299
11970
16920
14469
10470
15952
17890
10471
22430
19374
11723
32076
28695
22217
13497
27594
37789
22954

Gap=7mm Gap=8mm
9696
10779
17431
12660
18103
15467
18964
19341
9939
10714
24548
19913
11945
31977
21513
17963
24399
43024
22218
37685

10061
11245
18506
13324
19218
16478
20134
20901
10034
26926
13030
15760
35597
12155
21754
48723
14020
22967
66969
50018

Table 2: Q-factor obtained from a simulation of a rectangular cavity with and without in
inserting a tuning mechanism

We found that the Q-factor of the cavity changed as in graph.2 for different tuning gaps.

Graph2: Q-factor versus the gap between the cavity's walls and the
tuning plates.
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Experimental measurements.

My collaborator; Mrs. Alex Tindall has been working on building this system and inserting
the tuning mechanism inside the rectangular cavity. measuring the frequency and the quality
factor for the Actual measurements were done to compute the frequency as well as the quality
factor inside the cavity. ( see figure.6 )

Figure 6: Insertion of the tuning mechanism inside the rectangular cavity.

It was found out that the first fundamental frequency of the empty cavity is 6.10 GHz
which matches with the computer simulations. While the value of the Q-factor is
7664.9.

Figure 7: First fundamental frequency computed for the empty cavity.

7
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Similar measurements were treated when inserting a tuning mechanism inside the
cavity. However, it was investigated that the first fundamental frequency is about 5.51
GHz which is slightly different than the frequency simulated by COMSOL (f = 5.68 GHz)
,(See table 1).Moreover, it was figured out that the value of the Q-factor is 5369.5( See
figure 8) .One can note that the quality factor has decreased by 27 % from 7664.9 to
5369.5. (See table 2)

Figure 8: First fundamental frequency computed for the empty cavity after
adding the tuning mechanism.

However, the quality factor simulated in this mode by COMSOL decreased by 22% from
9520.4 for the empty cavity to 7637.3 for the cavity with a tuning mechanism.

Figure 9 and 10 show the computed frequency for other modes. It can be also seen that there
is a slight difference between the numerical calculation (see table 1) and the experimental
results.

8
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Figure 9 , 10: Other frequencies computed for cavity when inserting the
tuning mechanism.

It's noteworthy that the value of the quality factor as well as the frequency, computed
experimentally , were already expected to be slightly different than the corresponding ones
obtained by the computer simulations for several factors .Firstly, the actual model contained
additional materials and parts such as the rings. The glue also has a great influence on the
behaviour of the model as it introduces energy losses. Moreover, the plates have a slightly
different size. When running the simulations , we've considered plates with width of 1 mm.
In actual experiment, the plates had a width of 4 mm.

9
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Conclusion

Tuneable RF cavities were investigated using simulations to experiment with materials,
dimensions and methods of tuning.
Detecting the axion is based on the fact that axions and photons are converted into
each other in the presence of a strong magnetic field. In axion's experiments the
electromagnetic radiation or photons will be detected in a span of frequencies. One way
to detect the axion is by using tuneable microwave cavities.
In this experiment, we considered the rectangular tuneable cavity. To tune the cavity ,
we inserted a tuning mechanism which consists of two sapphire tuning plates
connected by a hinging system that enabled us to change the position of the plates.
Sapphire was used as it's considered as a good conductor which results in decreasing
the energy loss .We needed to maximize the cavity quality factor (Q) in the fundamental
mode of cavity operation. Comsol Multiphysics Software was used to compute the
simulations. It was investigated that the frequency of the cavity decreases as we
increase the gap between the cavity's wall and the tuning plates, unlike the Q-factor
which increases as we increase the value of the gap. A comparison of the numerical
results with the experimental data shows a reasonable agreement.
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Axion Data Quality Monitoring System Development
Andika Irawan1,* and Soohyung Lee2,+
1 Department

of Physics, Bandung Institute of Technology, Bandung, 40132, Indonesia
for Axion and Precision Physics Research, Institute for Basic Science, Korea Advanced Institute of Science
and Technology, Daejeon, 34051, South Korea
2 Center

ABSTRACT
In this research, we are doing simulation for monitoring axion quality data experiment. I am taking part
mainly on simulating coupling coefficient and displaying it on Smith chart. In the beginning, we generate
the number of β using Gaussian generator, then we precisely determine the origin of the smaller circle
for zero loss and over coupling cases.

* andika.irawan@students.itb.ac.id, August 3, 2017

1 Introduction
One of the core concept in physics is principle of invariance. It has been used by Einstein in building the
theory of relativity that is experimentally confirmed in 2016. Invariance means that there will be unchanged
quantity if we transformed it by using some transformation. Symmetry is a kind of invariance. There two
kinds of symmetry that is commonly used in particle physics, those are global and local symmetry. Global
symmetry play role to hold all points in space-time, whereas local symmetry is one that has different
symmetry transformation at each different point in space time.
If symmetry is spontaneously broken in vacuum, it will arise very light neutral (pseudo) scalar bosons that
couple weakly to stable matter. If the symmetry is exact, there will be massless Nambu-Goldstone (NG)
bosons. However, if there is a small explicit breaking of the symmetry either already in the Lagrangian or
due to quantum mechanical effects, the NG boson acquires a finite mass and then it is called a pseudo-NG
boson. One of typical example to this case is a hypothetical particle called axion that is associated to
Peccei-Quinn spontaneously broken.1
Axion is a hypothetical particle postulated by Peccei-Quinn to resolve strong CP problem in QCD. It
acquires an effective coupling to gluon


φA αS µνa a
L = θeff −
F F̄µν
(1)
fA 8π

where φA is axion field and fA is axion decay constant. If the minimum value of axion field is
φA = θeff fA

(2)

that is induced by QCD non-perturbation effect, then it will cancel the Lagrangian (1), in other word,
making Lagrangian become invariance and solving the strong CP problem.2

2 Experimental approach
Axion as a hypothetical particle is still under searching. Some research center build their own method and
develop the construction of equipment. In simple view, the diagram of the experiment will be like the
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Figure 1. Set of real experiment
following picture. The method we used here is by looking at its reaction. Theoretically, it will decay into
two photons
a −→ γγ ∗

(3)

and it should be detected if axion really exists. However we do not know whether it really exist or not. If
it exists, a reaction like equation (3) must happen. Since axion will decay into photons (electromagnetic
field), we can do manipulation to something related to electromagnetic field. Here we used strong magnetic
field (up to 3 T) to trigger that reaction happens.
If reaction happens, photon will be detected. Detector will send signal and it will be measured by using
spectrum analyzer and be displaying in frequency domain. If a ”real” axion exists and is detected in the
experiment in a certain range of frequency, a certain amount of power will be measured. The mass of
axion can be calculated by using leaping frequency. If the leap is high enough, we can assume that it will
be axion. Mass of axion can be obtained by using a simple equation
ma c2 + 12 ma v2a
f=
h

(4)

since axion axion as a cold dark matter candidate must satisfy non-relativistic energy.
Since axion reaction will be happen inside a cavity, the power that will induced signal depends on the
quality factor of the cavity. Quality factor means how much energy will not be dissipated during the
experiment
Q=

E
∆E

(5)

and its better if its value is quite high, it means that the dissipated/ loss energy ∆E is low. The other
factor is form factor C. It is the form of frequency that depends on the resonant frequency. Its value an
2/5
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be controlled by using rod tuner inside cavity. The other factor is volume of the cavity. Then the power
depends on 4 quantities
Pa−→γγ ∼ V B2 QLC

(6)

With all these good circumstances, the power signal itself is very weak. So it should be amplified before it
sent to a spectrum analyzer.
One of the most important thing is scan rate. It is a measure of how fast an equipment scans monitored
data. It’s magnitude depends on the power Ps , actual temperature of cavity Ts , and quality factor QL ,
P2
df
∼ 2s
dt
Ts QL

(7)

The temperature of the cavity is maintained at around 100 mK to decrease the effect of black body
radiation, and also to increase the magnitude of Signal-to-Noise Ratio (SNR).
In the real experiment, we will record big amount of data. While recording data, sometimes error is coming
and it waste our recorded data. When it comes, we can not record data on that time until everything has
fixed. Fixing error itself will be wasting much time until we can record data again. That is why we have to
develop the monitoring system in order to minimize time loss causing by the coming errors.

3 Simulation
We are simulating this experiment by using python program and display it over GUI by using PyQt. I take
part to simulate mainly on coupling coefficient and also displaying it on Smith chart.

Figure 2. Smith chart
Smith chart diagram shows data from coupling coefficient. This diagram is displaying complex number by
using different way,instead of complex plane (Argand plane). The maximum value is 1 constitute to the
boundary value of the circle. The real part forms smaller circle inside boundary, and imaginary part forms
3/5
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mutually reversed arcs.
Coupling coefficient is the ratio of power dissipated in the external circuit to the power dissipated in the
resonator. It is one of the fundamental characteristic of RF resonator. It is related to Q factor as
β=

Q0
Qex

(8)

where Q0 is unloaded Q factor denoted by
Q0 =

2π f0C
G0

(9)

Here G0 represents the dissipation inside the resonator proper that is caused both by conductor and
dielectric losses, and its value is inverse of resistivity,3
R0 =

1
.
G0

(10)

When an equal amount of power is dissipated in the external circuit as in the resonator itself, the coupling
is said to be critical and the coupling coefficient in this case is β = 1. An undercritical coupling means
that more power is dissipated in the resonator than in the external circuit (β < 1), while an overcritical
coupling means that more power is lost in the external circuit than in the resonator (β > 1). The Q factor
we used here is actually loaded Q, QL . It is related to the coupling coefficient denoted by
Q0 = QL (1 + β )

(11)

In this simulation, we generate the value of β by using Gaussian random number generator. After we got
random parameters that is fluctuated in a certain time, we use this value to determine the smaller circle
inside boundary at each time. We have two constraints here, the first one is smaller circle should be inside
the boundary and the second one is these two circles will intersect each other since we want to make over
critical coupling with zero loss.
With this β value, we determine the value of R. The origin of smaller circle itself have the same distances
at every point to the origin. It makes same infinite number of position of the origin of smaller circle. We
can imagine this thing like when we use polar coordinate. So after we get the radius part, we want to get
the angle part, and it should satisfy the constrains. To make it works, we also generate random number for
angle part in the range 0 − 2π. With all of this stuff, it now will be more meaningful, because it shows the
value of β every time.
In this simulation we show the value of β using this diagram. We use
β=

1
2
D −1

(12)

to determine the diameter of the smaller circle inside boundary. We simulate zero loss case which means
the inner circle always intersect with the outer one. Here we simulate overcritical coupling case, we set
β = 2. From (12), we can get the radius of smaller circle
R=

1
β

1
+1

(13)

and its maximum value is 1. We generate the value of β using Gaussian data generator. We are using this
value to determine the
4/5
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4 Results
The following picture is the full screen shots of each container of the simulation. I am taking part in the
coupling coefficient and Reflection Smith Chart. Coupling coefficient graphic shows the value of β in the
certain time. It fluctuates at around β = 2 as we expected at the random data. Reflection Smith Charts
shows the same thing, but in different way (using Smith chart). The radius of the circle will also fluctuate
as well as it will moved every β changes. Its position will randomly move because we generate random
input to the angle.
.

Figure 3. Coupling constant
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This final report discussed the general method of analysing the simulated Axion Dark Matter
Experiment (ADMX)data. The design and concept of CAPPuccino submarine axion detector, our
study object, has been discussed in this paper as well. The content of this report is solely based on
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masses of up- and down-quark are smaller than the QCD
energy scale. But the condensation of quarks has broken
the axial symmetry spontaneously. From this symmetry
breakdown, a Nambu-Goldstone boson should exist. For
this axial symmetry problem, t’ Hooft had pointed out,
in seventies, a fact that the QCD vacuum is quite complicated and and hence it is an apparent symmetry for the
limit of vanishing quark masses. This vacuum bears a
phase factor, θ which is the source of strong CP problem.
The QCD gauge symmetry, which is also called as
the colour symmetry is a non-Abelian symmetry. A
gauge-invariant QCD vacuum state is a superposition of
n vacua. Consider θ is a parameter of vacuum state, the
QCD vacuum can be labeled as |θ > which is defined as:
X
|θ >=
e−inθ |n >
(1)
n

Due to this vacuum, an effective extra term is added to
the QCD Lagrangian:

viii
Lθ = θ
I.

INTRODUCTION

Axion, a hypothetical particle that may provide
solution to several crucial particle physics problems,
such as strong CP problem. To solve this problem, a
global chiral symmetry need to be introduced. This
symmetry is called as Peccei-Quinn (PQ)symmetry,
which is a global U(1) symmetry and carries a colour
anomaly, and is broken spontaneously.
A problem in strong interaction regarding the global
symmetry UV (N ) × UA (N ) of the QCD Lagrangian for
N flavours in tiny quark masses was discovered in the
seventies. It was then believed that this Lagrangian
to be approximately UV (2) × UA (2) invariant since the

∗

E-mail me at: lee.chunhao9112@gmail.com

g2
Gaµν G̃aµν
32π 2

(2)

where Gaµν is a gluon field.This term is a 4-divergence
term and therefore it cannot take part in perturbation
theory. Due to Adler-Bell-Jackiw anomaly, QCD has a
classical chiral symmetry in vanishing quark mass limits.
The θ vacuum would be changed under chiral transformation by the anomaly. The physics of QCD would not
be changed if the quark fields with vacuum parameter θ
are transformed as below:
θ → θ − (α1 + α2 + ...αN )

(3)

where αi ’s are the phases. Quark mass can be connected
to θ via the phase α by mi → e−iαi mi By diagonalizing
the quark mass matrix, the effective coefficient in equation (2) would be:
θ̃ = θ − arg det M = θ − arg(m1 , m2 , ....mN )

(4)

where M is the quark mass matrix. if θ̃ is not equal to
zero, it means that CP and P are violated in QCD. The
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value of θ̃ could be estimated from the measurement of
neutron electric dipole moment. Since there is no CP or
P violation in strong interactions is observed, we could
only obtain the upper limit of θ̃ from experiments.
Peccei-Quinn symmetry is introduced to solve the
strong CP problem. It is a global U(1) symmetry, which
is broken spontaneously. Axion is the Nambu-Goldstone
boson resulted from the spontaneously broken symmetry.
The CP-violating term, θ̃ is replaced by a CP-conserving
axion field. This symmetry causes θ̃ = 0 at the present
epoch of the Universe. However, in the early Universe,
the axion fields were free to move around the bottom of
the Mexican hat potential.

FIG. 1. Mexican hat potential.

The motion of axion happens in the angular direction
of the potential. But since at very high temperatures,
the curvature of this potential in the angular direction is
zero, it causes the axions massless. When the Universe
expands, the temperature is declining, making the
potential tilted due to the QCD instanton effects. It
is because of this tilt of the Mexican hat, the axion
starts oscillating around the minima and hence, gains a
mass [1]. Low mass axion is also a promising candidate
of cold dark matter [2]. This dark matter candidate has
very weak couplings to standard model particles.
The principle of haloscope experiments was first published by P. Sikivie in 1983 [3]. The axion detection
principle is a cavity detector is built, in which there is
a tunable microwave cavity coupled to a receiver and
maintained at cryogenic temperature in a strong magnetic field. Axion to two-photons coupling technique is
employed (”reverse Primakoff effect”), which we believe
that when an axion passes through a strong magnetic
field in a cavity would interact with a virtual photon at
loop-level due to the axion’s couplings to the strong sector. Then, a real photon would be emitted at a frequency
correspond to the axion’s mass. The coupling of the axion to the electromagnetic field is described by:
Lαγγ =

− →
−
α gγ →
aE · B
π fα

(5)

where a represents the axion field, α is the fine structure
constant and fα is the axion decay constant.

When the resonant frequency of a cavity mode, νe =
ma c2 /h , the conversion power is improved. In natural
units, the signal power on resonance is,

PS = (gγ2

β
α 2 ρa
)(ωc B02 V Cmnl QL
)
π 2 λ4
1+β

(6)

where α is the fine-structure constant, ρa is the local
dark matter density which has the value almost equal
to 0.45 GeV /cm3 . λ reflects the relationship between
the axion mass on hadronic physics, whereas gγ is a
model-dependent coupling coupling constant which is
dimensionless. So far, there are two models, which
are KSVZ (Kim-Shifman-Vainshtein-Zakharov) [4] and
DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) [5], which
provide the values of gγ = -0.97 and 0.36, respectively.
B0 is the strength of magnetic field, V is the cavity
volume, Cmnl is a form factor which describes the
overlap between the static magnetic field and the electric
field and ωc = 2πνc [6].
In the Center for Axion and Precision Physics Research
(CAPP) of KAIST, an axion haloscope has been built,
which has a nickname ”CAPPuccino submarine”. Instead of the cyindrical shape, CAPPuccino submarine
has a toroidal geometry. This is because there is certain
risk of solenoid magnets losing the signal coming from
the event of axion-photon interaction. That is why the
physicists in CAPP try the toroidal magnets.

FIG. 2. On the left, it is the solenoid magnets that used by
most of the dark matter experiments; On the right, it is the
toroidal magnets utilized by CAPP scientists.

It is shown in FIG. 2 that a tunable copper toroidal
cavity with toroidal coils, which provide a magnetic
field, and a heterodyne receiver chain. By moving up
and down the frequency tuning system, the mode of the
cavity, quasi − T M010 could be tuned. The frequency
tuning system consists of a copper tuning hoop with
same outer radius but different inner radius and 3 brass
posts are used to link up the hoop and the actuator
which manipulates the movement [7].
Three frequency-dependent parameters could be used
to evaluate the efficiency of a design of the detector.
They are quality factor, form factor (C) and scanning
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sources of external interference. If they can be identified by those sources, then no candidates survive and the
excluded axion couplings are computed by Monte Carlo
techniques [10].

II.

DATA ANALYSIS

II.1.

FIG. 3. The cross-section of the toroidal cavity.

rate [8].
The axion dark matter experiment data analysis could
be divided into two hypotheses. The first hypothesis,
”single-bin” search, in which there is a possibility that
some axions might not have thermalised and hence have
an insignificant velocity dispersion. These axions would
therefore impart their energy into one power spectrum
bin. For every individual frequency bins which exceed a
power level threshold, they are selected from the combined power spectrum in the single-bin search. For the
selected frequencies, a new and independent, set data are
taken with the same integration time. The new set data is
merged with the first, a single combined power spectrum
with higher signal-to-noise ratio at the selected frequencies is produced. Signal-to-noise ratio (SNR) is the ratio
of signal power, Pa to the rms noise fluctuations, σPN :
σPN = kB Tn
SN R =

r

b
t

Pa
Pa
P
q ∝ √a
=
σPN
b
kB Tn bt

(7)

where kB is the Boltzmann constant, t is the acquisition time and b is the frequency resolution or the signal
width [9]. The whole process is repeated. At the end, all
survived candidates are checked in order to make sure if
they are identified with known sources of external interference. If it has been identified that all candidates are resulted from known sources of external interference, then
no candidate survive and the excluded axion computed
from the Gaussian-like statistics of the single-bin data.
The second hypothesis is the ”six-bin” search which does
not make any assumption on the axion energy distribution other than its velocity dispersion is at the order of
10−3 (for those with velocity larger than this order, they
will escape from the halo). This search is the most conservative as it is valid no matter the axions are thermalized or not. In this search, all six adjacent frequency
bins which exceed a power level threshold are selected
from the combined power spectrum. The whole process
is same as the one in single-bin search. After the selection, all the survived candidates are checked with known

Our Motivation

We assume that, for simplicity, the distribution of axions in the halo is spherically symmetric and can be described by an isothermal phase-space distribution in the
rest frame of the Galaxy. Hence, the signal power in
equation (1), with the root-mean-square speed of axion,
νrms = 355 km/s in the Galaxy, would have a distribution in a Maxwellian shape. We have then used the
Maxwellian distribution function in terms of axion’s kinetic energy to plot the axion lineshapes:

f (K.E.) = 2

r

K.E. 1 3
−K.E.
(
) 2 exp(
)
π kT
kT
2
ma νrms
kT =
3

(8)

But, because the tail of the Maxwellian distribution
of the axion line shape extends to the range of high
frequency, we should not expect all axions would convert
into photons within a certain bandwidth. Taking around
80% of the signal and associate noise power would get
us the best SNR. However, SNR would be degraded
by about 20%. Since we have no idea about the axion
mass, we would not able to locate the axion signal in
the correct frequency bin. And, axion signal could be
split into two adjacent frequency bins. Due to frequency
binning, the signal power reduction is about 20%. Thus,
we should find a way to optimize the SNR or a way not
to loose the signal power.
Next, we studied three different analysis methods, such
as one-bin search, co-adding adjacent bins and weighting
with signal. We have compared these methods to find
out which one could achieve minimal loss of SNR or of
signal power.

II.2.

Axion Signal Shape

We started from stimulating the kinetic energy distribution of axion. FIG. 3 has shown the axion signal shapes
for three different axion masses, such as 1 GHz, 2 GHz
and 3 GHz. It should be noted that, in our work, natural
units are utilized for simplifying the calculation. Hence,
the axion mass is expressed in the unit of frequency. As
it is shown in the FIG. 3, as the axion mass gets higher,
the width of the line shape gets wider.
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FIG. 4. Three axion signal shapes for 1 GHz, 2 GHz and 3
GHz axion masses, respectively.
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Histograms of three different axion masses

The quality factor of the axion signal is supposed to
be constant at the order of 106 , independent of the axion
mass. We have tried to check it by applying random number generation for generating events randomly to plot the
histograms for different axion masses. FIG. 4, 5 and 6
show the histograms of 1 GHz, 2 GHz and 3 GHz axion
masses, respectively.
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FIG. 5. The histogram of axion with mass equal to 1 GHz.

The quality factor is defined as:
ma
Qa =
∆ma

(9)

Therefore, for axion with mass 1 GHz,
109
331.7
= 3.014 × 106

(12)

Histogram of the Maxwellian Distribution
with different numbers of bins

We have plotted several histograms of 750 MHz axion
mass with different numbers of bins. As it could be seen
from the FIG. 8, starting from the 6-bin histogram, it
is distributed in a Maxwellian shape. Besides that, the
6-bin histogram is the one which doesn’t lose the axion
signal information too much and the associated bin width
does not degrade hardware performance too much.

Qa =

(10)

II.5.

Simulation of Axion Signals

For axion with mass 2 GHz,
2 × 109
662.6
= 3.018 × 106

Qa =

(11)

Although we know that the distribution of axions in
term of kinetic energy is in Maxwellian nature, without
knowing the mass of axion, it is still very hard to analyse
the possible signals contributed by axions. Therefore, we
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FIG. 11. Axion signals for co-added 6-bin search (top) and
its signal shapes after zooming-in (bottom).

After comparison, we could see that, in the plot of onebin search, there are some losses of signal power. However, there are no losses of SNR or signal power in other
bin searches.
FIG. 9. Axion signals for one-bin search (top) and its signal
shapes after zooming-in (bottom).

need to quantise the mass range. In other words, binnedsearch would be the ideal way for investigating the data
of Axion Dark Matter Experiment (ADMX). With random number generation in ROOT, we generated 800,000
points in which there are 32,000 signals. Considering the
bin size is 125 Hz, for every 25 bins, there is one signal. We have plotted three spectra for one-bin search, 6bin search and co-added 6-bin search, respectively. Since
there are abundance of points, we could only see the signal shapes when we zoom in to those spectra.

II.6.

Simulation of Background/Noise

We have utilized the same method in generating the
signal spectrum to produce the power spectrum of background. We generated 800,000 points with the frequency
range of [700,800]MHz and bin size 125 Hz. All the data
points are normally distributed as shown in FIG. 12.
We repeated the random number generation for onebin, co-added 6-bin and the 6-bin weighting with signals
search. After all, we plotted the histograms for all three
methods to check if they follow the Gaussian statistics.
The formulas for all these searches are defined as:
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FIG. 15. The histogram of 6-bin weighting with signals
search, σ closes to 1.
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where Lj is the maximum likelihood mean power.

The outcomes are shown as below:
We found that except the one-bin search which is not
follow Gaussian statistics, the other searches are close to
Gaussian distribution.
III.

CONCLUSION

By simulating the background noise and the axion signals for different axion massses, we saw that 6-bin search
causes SNR gain of around 20% compared to 1-bin search
while 6-bin search weighted with signals improves SNR
values of 6-bin search by 3%. The latter has been shown
by FIG. 16:

FIG. 16. The comparison between 6-bin search (blue line)
and 6-bin search weighted with signals (red line).
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REFLECTIONS

Even though i have learnt a bit of ROOT before, this
research has provided me a good chance to practice my
programming. Starting from scratch is a process of suffering, but it did have let me to realise what my weaknesses
are and how i should enhance my own knowledge. I felt
contented for the moments i have successfully done the
tasks given by my advisor. Every efforts are worthwhile
when i could learn something new.

FIG. 17. The picture of the CAPPuccino submarine axion
detector.
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II. M OTIVATION F OR D ESIGNING THE F RUSTUM C AVITY

Abstract—In order to study the properties of Niobium Titanium, the TE011 mode must be used, as it features zero electric
field norm at the boundaries of the RF cavity. This, in turn,
increases Q-factor and decreases electric losses and effects due to
contact losses. There is, however, a mode degenerate to TE011 that
exhibits nonzero interaction at the boundaries. The design must
therefore separate the resonant frequencies of these modes as
much as possible. The dimensions that satisfied these conditions
were L=24.00mm and H=10.00mm, resulting in Q=95786 and
∆ν ∼ 120 MHz. Furthermore, analyses were done to determine
the precise relationship between the Q-factor of the cavity and
the electrical conductivity of NbTi.

In the search for the axion, a potential cold dark matter
constituent, the main experiment performed in this search is
known as the ADMX experiment. This takes advantage of
the following. The axion itself will decay into two photons.
However, for this process to occur naturally, it will take
∼ 1030 times longer than the age of the universe. Fortunately,
the process is time symmetric, meaning any two of the three
particles (the axion and the two photons) can produce the
third. This implies the following diagram is valid:

I. I NTRODUCTION TO WAVEGUIDES AND Q-FACTOR
Whenever an electromagnetic wave is generated inside
of a waveguide (that is to say the wave is physically
bounded), there are quantitised patterns of radiation that can
occur depending on the specific boundary conditions of the
container. These are referred to as either TElmn or TMlmn
waves, meaning Transverse Electric or Magnetic respectively,
where l, m, and n stand for the wavenumbers in the x̂, ẑ, and
ŷ directions. Some of these waves in a cylindrical waveguide
are depicted below.

a

gaγγ

∗

γ

γ

Fig. 2. Feynman Diagram Representing The Conversion of the Axion (a)
and the virtual photon (∗ γ), provided by a magnetic field B0 , into a photon
γ.

This states that an axion a can convert into a photon γ by
some process with coupling gaγγ , provided it experiences an
increase in energy. This is provided by the virtual photon,
here denoted by ∗ γ, and in reality is provided by a high
strength magnetic field. Consequently, the experiment is the
following. A specially designed cavity is placed inside a
dilution refrigerator (to reduce as much blackbody radiation
as possible), and a high strength magnetic field is applied in
vacuum to the cavity. From here, specialised low-noise RF
antennas will read the signal attenuated by the γ produced
by the axion1 . Thus, this study’s main objective in creating a
cavity that has a high Q-factor is that, in this cryogenic axion
search experiment, the power generated by the axion within
the cavity is given by:

Fig. 1. Various TE and TM modes inside a cylindrical waveguide.

As one notices from these TE and TM waves, there is a
nonzero field at the edges of the cylinder. Thus, if one makes
a cylinder with caps and excites these waves inside the cavity,
there will be electric field accumulating at the corners due
to contact losses, especially when the cavity is reduced to
temperatures around 1 ◦ K. This will, in turn, lower Q factor.
Q factor is, by definition, the ratio of the energy given to the
cavity over the amount of energy the cavity in turn dissipates.

2
Pa = gaγγ

ρa 2
B V Clmn Q
m2a 0

(2)

What is critical is only the fact that as Q increases, Pa will
increase. And an easy method to design new cavities with
high Q-factor is by incorporating a LCT superconductor,
which, in this case, is Niobium Titanium, in the cavity
design. It is therefore our mission to discern the properties of
this superconductor and explore its applications to RF cavities.

E
Uavg
=ω
(1)
∆E
P
where ω is the angular frequency at which the cavity is
resonating, Uavg is the energy density time average, and P
is the power dissipated by the cavity. This latter definition is
the one utilised in COMSOL processing.
Q=

1 There are obviously more steps and details that have been omitted as they
do not pertain to the purpose of this paper. Cf Brubaker (1) for more details.

1
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III. P REPROCESSING T HEORY

Equation [4] and the solution generated in COMSOL, which
is 5 orders of magnitude weaker than the average electric
field norm. There is a 10 V/m difference for the TM010 mode,
and a 4 order of magnitude difference.

In the axion experiment, the mode that will be used in the
cavity is the TM010 mode, due to its high relative electric field
strength and high form factor. However, its magnetic field is
entirely azimuthal. This will allow the magnetic field to seap
into the seams between the caps and tube of the cylinder,
creating electric losses and lowering Q-factor, a problem
known as contact losses. This makes precise measurements of
the properties of NbTi nearly impossible. So to remidy these
issues, another mode, the TE011 mode will be used for our
study, since it features low electric field norm at the boundaries
as well as no azimuthal magnetic field. Unfortunately, there
is a mode degenerate to the TE011 mode: TM111 . Therefore,
a new cavity was designed to both maximise the separation
between these modes as well as increase Q-factor as much
as possible. The design is given in Figure 3. The new design
features two parameters, H and L, which dictate the specific
pitch and depth of the recessed cap.

The cavity itself is made with two Copper (Cu) caps,
the specific shape of which is the main objective of
these simulations, and a cylindrical tube connecting them
manufactured from Niobium Titanium (NbTi). At cryogenic
temperatures, NbTi is a Type II superconductor, meaning
that whatever TE or TM mode is generated inside the
cavity, the field occuring at the boundaries will have a lower
impact on the electric loss since there is theoretically 0
resistance of the cavity to the electric or magnetic fluxes. Its
physical properties, especially electrical conductivity σ, will
be discussed later.
Various combinations of H and L were generated, going
from the extreme of a regular cylindrical cavity to a diamond
shaped one. Each iteration of the simulation, the Q factor of
the cavity, the resonant frequency of the TE011 mode, and the
surrounding resonant frequencies of the near by modes were
recorded. The last step is done to also record the frequency of
TM111 .
IV. S IMULATION R ESULTS FOR THE O PTIMISATION OF THE
F RUSTUM C AVITY D ESIGN

Fig. 3. Cross section of the cap, with H and L being the parameters directly
maximised in COMSOL processing.

For all results, the conductivity of the connecting tube was
set to 9 times that of copper’s conductivity. This will be
explained in detail in the following section of this paper. The
simulations in COMSOL were run from L from the maximum
inside radius possible, 4.4 cm, until 0.0 cm, making a regular
cylinder and diamondoid when revolved 2π respectively. After
all simulations, the dimensions which optimised Q factor and
provided adequate seperation from the degenerate modes was
H=11.00 mm and L=22.00 mm. These are the appropriate
tolerances for the dimensions before Q factor drops dramatically (cf Figure 3 and Appendix A-Table 1, Table 2). From
here, every combination of L and H in 0.10 cm increments
was conducted and the optimised results of L and H were
determined2 .

In order to find the analytic functional form of the standing
waves in the cavity, one needs to solve Maxwell’s Time Independent Equations, often known as the Helmholtz Equation.
√

∇2 F + β 2 F = 0
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(3)

where β = ω µ, µ and  are the permeability and permitivitty of free space respectively, ∇2 is the Laplacian
operator, and ω is the angular frequency. For TE modes,
F = H(x, y, z), where H is the magnetic field strength. For
TM modes, F = E(x, y, z), where E is the electric field
strength. The cavity has a maximum height of 10 cm, and
maximum inner radius of 4.4 cm. So for the TE011 mode, the
electric flux is given by:
3.832r
πz 
E
ΨT011
(r, φ, z) = J1 (
) sin(φ) sin
(4)
4.4
10

There is almost a phase change at these dimensions that
makes these values of L and H critical. Given these dimensions, the TE011 mode is given by Figure 5. However, a
higher L and a lower H guarantee a Q-factor on par with the
optimised dimensions. L=24.00 mm and H=10.00 mm give
Q-factor of 97586, as opposed to 98003 with the optimised
dimensions. Thus, these are the recommended dimensions
for the cavity. Additionally, L=22.00 mm and H = 11.00
mm give the lowest separation between the modes and their
degenerate frequencies, denoted by ∆ν (Cf. Figures 9,10
in the Appendix). Furthermore, both of these combinations

where J1 is the 1st Bessel function of the first kind. For the
TM010 mode, the functional form is:
2.405r
)
(5)
4.4
The TM010 mode features only an electric field in the ẑ
direction and uniformly strong mangetic field around the z
axis. This creates a field independent of φ and z.
M
ΨT010
(r) = J1 (

These equations come as a result of solving Helmholtz’s
Equation for a perfect cylinder. However, the TE011 mode only
exhibits about 10−2 V/m electric norm difference between

2 Coincidentally, these also happened to be the same as if one parameter
was optimised with the other constant, and vice versa.

2
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Fig. 4. L (cm) vs. H (cm) vs. Q-factor, exhibiting a peak at L = 2.200 cm
and H = 1.100 cm.

give ∼120 MHz separation between the modes used and
their degenerates. Given these Q-factors, there will be two
distinct peaks of intensity between all resonating modes in
the experiment. This also implies, due to the lack of (sharp)
corners, that there will be minimised electric loss on the
boundaries of the cavity, thus maintaining a higher Q factor
more easily.

Fig. 5. TE011 Mode in the optimised cavity design. The relative strength
goes from Weakest → Strongest :: Blue → Red.

V. D ETERMINING THE P ROPERTIES OF N B T I
The cavity design features a tube connecting the two Cu
caps made of NbTi. Unfortunately, there have been few, if
any, experiments precisely determining the properties of this
superconductor at cryogenic temperatures. For this experiment,
the property of interest is the electrical conductivity σ. This
is valuable due to the fact that as σN bT i increases, Q factor
will increase. Thus, σN bT i was changed to certain multiples
of σCu , which is well known with high precision for these
temperatures. For the COMSOL simulations, σN bT i was set
to 9σCu . In reality, σN bT i will most likely not be this value.
However, this will only change the numerical value of Qfactor, but the recommended maximised dimensions will still
be the maximum of these combinations simulated since the Qfactor was maximised by altering purely geometric properties.
Next, after altering σN bT i , the virtual Q-factor of the entire
cavity was then measured for the whole cavity3 . For TE and
TM modes, the following two equations, from Barroso et al.
[2], give the function defining Q-factor versus the conductivity
of the material in a purely cylindrical cavity4 .

Fig. 6. TM010 Mode in the optimised cavity design. The relative strength
goes from Weakest → Strongest :: Blue → Red.

(
)
2
lm 2
A2 (1 + χLπ
)2 (1 − χl2 )( χLπ
)
V
lm
lm
Q=
(1 + A) χ2 (Lπ)2
(6)
2
2
Sδ
A3 lm
+ (1 − l2 ) + A2 l2
2

χlm

modes, with l, m and n refering to the TE/TMlmn mode, and
δ is the skin depth on the material given by:
sr
r
 ω  2 ω 
2
0 r
0 r
δ=
1+
+
(7)
ωµ0 µr σ
σ
σ

χlm

where V is the volume, S is the surface area, A is the aspect
ratio of length over radius, L/R, χlm is the mth root of
Jl0 (x) = 0 for TE modes and the root of Jl (x) = 0 for TM

where ω is the angular frequency, µr is the relative magnetic
permeability of the material, r is the relative electrical
permitivitty of the material, and σ is the conductivity of
the material. There were two sets of analyses done. Define

3 Virtual

Q-factor here simply means it is the Q-factor as simulated in
COMSOL, not the physical Q-factor.
4 Thus, obviously, the results obtained from COMSOL will differ slightly
due to the frustum design.

3
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bT i
Y = σσNCu
. The plots of Q-factor versus Y were generated
[1] if just the connecting tube was made with NbTi and
[2] if the entire inside of the cavity is coated with NbTi.
The graphs of Q-factor versus Y for TE011 if just the
connecting tube is NbTi and for T E011 in an all NbTi
cavity are included as Figures 7 and 8 in the Appendix. It is
obvious that the TE011 mode with an entirely NbTi cavity
reaches higher Q-factors for all Y than just the NbTi, at
certain points reaching Q-factors of 106 . This would be the
mode and design recommended for the cryogenic axion search.

A PPENDIX
Nota bene, the data in Table 1 is generated with H=11.00
mm, and the data in Table 2 was generated with L=22.00 mm.
This was initially done to see in what general area the search
needed to be conducted.
TABLE I
Q FACTOR AS A FUNCTION OF THE P ITCH L ENGTH , L.

One the parts of the cavity are ordered, the Q-factor will
be measured in the dilution refrigerator at around 10 mK.
From here, a simple interpolation onto Figures 7-10 will yield
σN bT i .
VI. C ONCLUSION AND N EXT S TEPS
After creating the .dwg files for manufacturing, additional
considerations were made regarding the precise manufacturing
and assembly of the parts. Bolting holes for mounting the
caps to the refrigerator and the caps to the connecting tube
were added, as well as antenna ports for the RF receiver
chain to be added for the experiment5 .

L (cm)

Q Factor

f0 of TE011 Mode (GHz)

3.85

65409

4.3349

3.30

73831

4.3390

2.75

97860

4.3452

2.20

98003

4.3527

2.18

57896

4.3530

2.10

59957

4.3541

TABLE II
Q FACTOR AS A FUNCTION OF THE C AP H EIGHT, H .

Furthermore, another study ran by Heng and Smallwood
[3,4] was conducted to determine the optimal design for a
sapphire dielectric in such an RF cavity. The ultimate goal
is to combine the two designs to increase Q-factor and form
factor as much as possible. As of right now, simulations
combining the two have not been conducted, but is left as the
next step in the project.

H (cm)

Q Factor

f0 of TE011 Mode (GHz)

0.55

97351

4.3408

1.10

98003

4.3527

1.11

59978

4.3530

1.20

60219

4.3554

1.65

61150

4.3699

Additionally, a theoretical basis of comparison to guage the
accuracy of the COMSOL simulations is to apply Equations
(6,7) and compare the plotted graphs with the theoretical
expectations.
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Fig. 9. ∆ν vs. L (cm) for the TE011 mode.

Fig. 7. Q-Factor vs. Y for the TE011 mode for a NbTi connecting tube only.

Fig. 10. ∆ν vs. H (cm) for the TE011 mode.

Fig. 8. Q-Factor vs. Y for the TE011 mode for an entirely NbTi cavity.
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I.

ABSTRACT:
Axions are hypothetical pseudo scalar particles that are postulated by Peccei-Quinn theory to
resolve the strong CP problem. Axions can be a possible component of cold dark matter if it has
low mass. To detect axions’ masses, there is a theory postulated by Moody and Wilczek about the
interaction between monopole and dipole masses which can be mediated by axions in macroscopic
scale [2]. To source the monople, we studied linearly resonant mas that will interact with polarized
mass.

II.

INTRODUCTION:
1. ARIADNE method concept:
The existence of axions allows the interaction between polarized and unpolarized masses to
be observable. The interaction energy between particles due to monopole-dipole axions
exchange can be expressed as a function of distance 𝑟 [1]:
𝑈#$ 𝑟 =

ℏ𝑔# 𝑔$ 1
1 2
+ 0 𝑒
8𝜋𝑚+ 𝑟𝜆. 𝑟

Dipole-dipole axion exchange case:
ℏ8 𝑐 𝑔$; 𝑔$<
𝑈$$ =
[ 𝜎? . 𝜎0
16𝜋 𝑚+; 𝑚+<

3
45

𝜎. 𝑟

1 2 43
𝑒 5
𝑟8
.
1
3
3 2
− 𝜎? . 𝑟 𝜎0 . 𝑟
+ 0 + 8 𝑒
0
𝑟𝜆. 𝑟 𝜆. 𝑟
1

𝑟0𝜆

(1)

+

3
45

(2)

Where 𝑚+ is the fermion mass
𝑚. is the axion mass
And 𝜆. = ℎ/𝑚. 𝑐 is the range of interaction.
The interaction energy is in the form of the energy that created by a potential 𝑉.
This potential function can be interpreted as the potential generated by an effective magnetic field:
2𝛻𝑉. 𝑟
(3)
𝐵=
ℏ𝛾+
Where 𝛾+ is the fermion gyromagnetic ratio.
As the axions generate a pseudo magnetic field, which is expressed in Eq.(3) we can utilize this property
to prove the existence of axions by detecting this field. In our research, we use polarized 3He. 3He
nuclear spin was rotating with the Larmor frequency. Therefore, when the effective magnetic field is
applied on 3He sample, its magnetization will change and that variation in the magnetization can be
measured by SQUID.

ARIADNE experimental schematic for
monople-dipole interaction [1]

Proposed projected reach for monopole-dipole axion
mediated interaction [1]
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Monopoles interaction [2]

Monopole-dipole interaction
[2]
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Dipoles interaction [2]

[2]
2. Contribution of the simulation:
To prove the existence of axions, by the above theory, we may generate an oscillation of a monopole
and measure its interaction with other stay-still spin.
The oscillation requires a very high accuracy in frequency and amplitude.
Because this is an extremely delicate measurement, if there is any unexpected movement in other
direction, it can lead to wrong estimation. We need to eliminate any undesired movements.
By ACN300 machine, we can utilize the piezoelectric phenomenon to generate an oscillation. The target
is to use COMSOL Multiphysics 5.2 program (trial version) to design a mass that is used as an oscillator
and make simulations to guarantee the designed mass will oscillate only in the desired direction. In
addition, we can also find the most appropriate frequency to work with ACN300.
III.

COMSOL DESIGN AND SIMULATION:
1. Source Design by COMSOL Multiphysics:
a. Piezomachine holder:
By Geometry part of the program, I designed the similar object with the detailed shape as
the holder of ACN300. I can also import the file of the holder and the mass sample,
which is created by CAD Design

Figure 1.a
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Figure 1b
Figure 1c
Figure 1a and figure 1b is the object I designed by COMSOL, figure 1c is the object
imported from CAD file, which is made by TA Younggeun.
Mass design:
It is also possible to design a mass that we can attach to the holder and utilize as an
oscillator.

2. COMSOL Simulation:
Double pendulum simulation:
The purpose of this simulation is to investigate the dynamics simulation ability of COMSOL. We
can use this property usually during the work on piezo-machine simulation
This simulation is for a double pendulum created by 2 connecting beams.
The geometry of each part is the same: 2×1×20 𝑐𝑚
The used material is aluminum alloy: 1050 (UNS A91050).
a.
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The simulation results in expected motion of the pendulum (chaos)
Diagram of the trajectory of a point at the end of the pendulum in xz-plane
b. Eigenfrequency of Piezo-machine holder:
The purpose of the second simulation is finding the eigenfrequency
values of a mass with similar shape of the ACN300 holder. This
simulation can be extended by adding the oscillator to the holder. We
can find the appropriate resonant frequencies with different initial
conditions.
Material: upper part: Titanium
Lower part: Aluminum

Constrain condition: fix the based surface.
IV.

MASS DESIGN AND SIMULATION FOR ARIADNE:
Piezo-holder:

The details of structure and mechanism inside the piezo-holder are unknown. Therefore, by
observation, I create a similar model, with the upper part is connected with a motor. Even though
the piezo-machine uses piezoelectric phenomenon to generate the oscillation with a controlling ACcurrent, in the simulation, I use pure mechanical dynamics for the oscillation of the mass sample.
There are two models I use for the simulations:
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Model 2

The blue part is the driven motor and the masses are quite similar for both models.
Material: upper-part holder and attached mass: Titanium [solid, alpha]
Motor: Lead [annealed and tested at 293K]
Lower-part holder: 1050 (UNS A9105) (aluminum alloy)
The main driven part of the motor is constrained in a hollow chamber in the lower block of the
holder.
The geometry of the chamber is very fit with the driven block, that the block is almost allowed to
move only in the y-direction. It is also the desired direction of the mass’s movement.
The model 1 is tested with the condition that there is a 100-𝜇m distance between the driven block
and the chamber wall. The block is connected with a spring that we can control the Hook-constant
tensor. There is no gravity applied and the pressure method of the contact pair of block and chamber
wall is Augmented Lagrangian, which allows the independent calculations for each path of the
assembly
The movement of one point in the attached mass is scrutinized:
y-direction is the desired direction.

y-movement

z-movement

Low frequency

10Hz
Simulation 1

50Hz

100Hz
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The model 2 is tested in 2 different conditions. The first condition is also rigid contact pair but the
distance between the motor block and the chamber wall is 20-40 𝜇m and the pressure method of the
contact pair is Penalty. The gravity is applied.

y-movement

z-movement

Low frequency

10Hz

50Hz

100Hz

Simulation 2
The second condition is using planar joint between the motor block and the chamber wall. The joint
is elastic and gravity is also applied.

y-movement

z-movement

Low frequency

10Hz

50Hz

100Hz

Simulation 3
•
•

The range of frequency that will be used by ACN300 is 10-110 Hz.
The simulation 1 has very loose conditions. The undesired z-movements mostly come from
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•
•

•
V.

VI.
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the asymmetry of the geometry of the oscillator. It is useful to examine and adjust the
geometry of the mass.
The simulation 2 and 3 are more similar to the real case. In the simulation 3, the z
movement is an oscillation, which is resulted from the elasticity of the planar joint.
The z-movements in the simulation 2 is really the one we should expect to happen in reality.
They appear more obviously with high frequencies and come from the perturbations and
the collisions between the motor block and the chamber.
There is the damping effect in the y-direction oscillation, especially in simulation 3. This
is mostly because of the numerical error. COMSOL use recursion for the time-dependent
study; therefore, there are always rounding errors after each time-step. The higher
frequency is, the bigger the error is. This damping effect will not appear clearly in reality
or may appear but because of the damping coefficient of the material.
The result movements may have slight different frequencies from the controlled values.
The reason is also the numerical error coming from the recursion.

CONCLUSION AND FUTURE PLAN:
From the simulations, we can conclude that:
• The undesired vertical movement can appear and this movement can be reduced by
using relatively low frequency and design the attached mass so that the center of mass
of the combination of upper-part holder and attached mass is in the roughly same high
level as the motor.
• The simulation can be improved by adding more exact conditions, choosing smaller
time-step and setting more exact physics that is used in the simulation.
REFERENCE:
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Irem Nesli Erez, Axion Dark Matter Search with Data Collected by . . .

45

CAPP, KAIST
KUSP 2017
Axion Signal Sensitivity Analysis

Searching for the Mysterious Ghost of the Universe:
Axion Signal Sensitivity Analysis

Supervisor:
Dr. ByeongRok Ko

Author:

Research Partner:

Irem Nesli Erez

Chun Hao Lee

August 3, 2017

Irem Nesli Erez, Axion Dark Matter Search with Data Collected by . . .

46

1

Abstract

From the early ages of humanity, we wondered the huge darkness beyond the
midnight sky of our planet. We travelled to the Moon, we sent satellites to investigate.
However even after we understood the huge spectrum of electromagnetic radiation, the
fact of witnessing the existence of matter that is invisible to any kind of light was still
very surprising. Existence of dark matter is just by itself a huge question waiting to
be answered; but there is also the Strong CP violation problem that needs a particle
to solve the mystery. Axion by itself can be a nice part of the puzzle that appears as a
good candidate for dark matter while it is also seen as a solution to Strong CP problem.
Hence, learning more about physical properties of axions like their masses and their
distribution in the galactic halo is of importance for today’s physics. In our research,
we tried to improve axion signal search by analysing the axion signal expected to be
seen according to the axion halo model along with the background noise. At the end
of our analysis, we found that 6-bin search decreases loss in SNR by 20% compared to
1-bin search, while it can also be improved by 3% by 6-bin search method weighted
with respect to the signal likelihood.
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1. Introduction: Theory Behind the Axion Mystery

Axion is a particle that came up naturally as a result of the Peccei-Quinn solution
of the Strong CP problem. Hence, it is not an hypothesised particle to solve the
dark matter mystery. [8] At this state, it can be helpful to provide some information
on Quantum Chromodynamics or QCD. QCD tries to explain the structure of the
hadrons,and it focuses on the strong interaction, one of the 4 fundamental forces of the
universe. QCD is a branch of the Quantum Field Theory and its history goes back to
1950’s, to the experiments performed by Eugene Wigner and Werner Heisenberg. [?]

The strong CP problem is due to the expectation of quantum chromodynamics
that expects the charge parity to be violated in strong interactions. However, there
has been no experiment exhibiting such a violation. Charge parity is based on two
symmetries: C and P. C or charge conjugation symmetry stands for the symmetry of
a particle with its antiparticle. P or parity symmetry stands for the change of right
and left directions. In the presence of CP symmetry, one expects the antiparticle of
a particle in a space with changed directions to behave in the same manner as the
original one. [9]

Peccei-Quinn Theory suggests a solution to the Strong CP Problem by adding θ
term to the QCD Lagrangian which can be written as in the figure below. [9]

Figure 1.1: QCD Lagrangian allowing CP violation by having θ term thanks to
Peccei-Quinn Theory [9]

Irem Nesli Erez, Axion Dark Matter Search with Data Collected by . . .

49

4

Peccei and Quinn extended this Lagrangian by considering the possibility of a very
small extra term to appear, which thought not to be discovered due to its too small
value. This θ term became the mother of the theoretical particle ”axion” in 1977.
Because the idea of this very small θ extension to the Lagrangian leads to existence
of a massless Nambu-Goldstone boson. Goldstone theorem states that ”Theories with
spontaneously broken symmetry have a massless Nambu-Goldstone boson.” . In fact,
axion is a result of spontaneously broken Percei-Quinn symmetry. The first realizers
of this pseudo scalar boson due to the spontaneously broken PQ symmetry had been
Weinberg and Wilczek. However, this symmetry is inexact because it is broken by
QCD instantons or simply the vacuum. This is an important fact to be considered and
this θ term can be written as: [9]

θ=

a
fa

where a is the axion field and fa is the decay constant or can be referred to as the
symmetry breaking constant. [8]

Figure 1.2: Existence of dark matter due to restored CP symmetry [8]
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Knowing the main process to produce the axions, the case in which they can
be observed becomes an important question for the experimental physics. Hence, we
should mention the Primakoff Effect which is the core idea behind the most axion
searches. In presence of magnetic field, there exists axion-photon coupling, hence, the
axion can transform to photon and vice versa. This eases the method to detect axions.
Primakoff Effect is being used as the principal for mainly in two types of experiments:
the ones that rely on astrophysical sources of axions like axion haloscopes and microwave cavity experiments, and the experiments trying to produce axions directly in
the lab like polarization effects and photon regeneration. [2]

Figure 1.3: Primakoff Effect, the axion-photon coupling in the presence of magnetic
field [6]

Historically, axions are thought to have two possible forms of KSVZ and DFSZ
with the discussed mechanism of ”invisible axion”.

After the realization of the necessity of existence of the axion, its properties
became the main discussion. Related to its speed, dark matter is hypothesised to be
either of hot dark matter form or cold dark matter form. Then, the axion can be
evaluated on its success to satisfy their properties. [1]

As CAST collaboration states ”Axions would have been produced in the early
Universe by the vacuum realignment mechanism and radiation from cosmic strings,
leading to a cold dark matter component, as well as from thermal interactions, leading
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to a hot dark matter component.” [4], the analysis of the dark matter should be done
considering these.

Figure 1.4: Axion is named after a brand of washing detergent since it is expected to
clean up the mysteries [3]

Hot dark matter is the theoretical form of dark matter in ultrarelativistic velocities. Though hot dark matter idea is only considered within the mixed dark matter
hypothesis, today, the axion is also improper to be the candidate for hot dark matter
since it is much less than the expected amount of hot dark matter because massive
axions are to decay too fast and axions are too hot to be the hot dark matter. [4]

In another possibility, the dark matter can be cold due to the misalignment
mechanism. Even though cold dark matter has some non-overlapping properties with
the experimental observations, as already mentioned in the previous chapter, axion is a
good candidate to satisfy the necessary properties resulting to a dark matter candidate
satisfying: [4]
ωa h2 ≈ 0.3(

fa
)7/6
1012GeV

with velocity approximately 10−17 c.

Both being full of mysteries, there are lots of experiments being ran all around the
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World to solve the puzzles of the axion and the dark matter. Most of the axion related
experiments are based on Primakoff effect which corresponds to transformation of axion
to photon and vice versa. For instance, axions can be produced within the core of the
Sun where X-rays scatter in strong electric fields. Some of these type of experiment
examples are CAST, ADMX, OSQAR etc. Hence, some possible observations of axions
may have already occurred in European Space Agency’s XMM-Newton observatory or
in MIT. [4] One other interesting fact about axions is that they may appear in the
Maxwell equations as an extension. [4]

To summarize, axions are hypothesised to have no electric charge, small mass in
between 10−6 to 1 eV /c2 , very low interaction cross sections for strong and weak forces
and interacting minimally with the ordinary matter. They would change from and to
photons in magnetic fields. [4]
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2. Expected Axion Signal Distribution According to the
Axion Halo Model

According to the Axion Halo Model, the distribution of axions in the halo are
spherically symmetric and can be described by an isothermal phase-space distribution
in the rest frame of the galaxy. Before talking about the signal shape predicted by the
Axion Halo Model, we should at first have a better understanding of the experiments
like CAPPuccino trying to detect axion signals.

The physics of axion signal detection mostly depends on gamma-gamma coupling
of the axion. Regarding Sikivie’s technique to detect axions as a result of Primakoff
Effect, haloscopes are designed to find axions under certain but huge magnetic fields
of order 10 Tesla. Though the process is easy to understand physically, since the mass
of the axion is the main mystery by itself, it takes long time and requires hard work
to detect the axions. The signal is always exposed to noise and effects like blackbody
radiation should be minimized. Also, the signal should be amplified to be measurable
and this means an increase in the uncertainty of the experiment. Yet when it comes to
understanding history of the universe and its mysteries, such obstacles may be handled
thanks to the detailed work of scientists. Actually, our work was to have a better
understanding of these signals that are expected to be resultant from the galactic halo
of dark matter.
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Figure 2.1: Primakoff Effect along with Sikivie’s extension [5]

We have already stated that Primakoff Effect plays the main role in detection
of axions. While the axion is created by two photons and it decays into two photons,
these processes take time at the order of age of the universe which makes discovery of
axions almost impossible. Yet thanks to Sikivie’s and Primakoff’s work, we know that
there are ways to detect axions as shown in the above figure. One of them is detection
of solar axions like in CMS of CERN. In this case, nuclear charges entering to Earth’s
atmosphere may combine with photons to create axions. On the other hand, like in
CAPPuccino experiment, under strong magnetic fields in high-Q cavities (Q & 105 ),
axion may decay to one virtual and real gamma and this gamma can be detected in
haloscopes. However, this event should take place in a cavity and should be isolated
from black body radiation and the signal must be analysed well.

In order to detect the signal in the most efficient way, the experiments are performed at really low temperatures on the order of 1 Kelvin and the magnetic field is
increased getting help from RF techniques like having tuning rods which can be metal
or dielectric. Nevertheless, there is also the fact that depending on the mass of the
axion, the spread of the signal changes. In order to explain this fact, now I have to
continue with our main work related to the Maxwell-Boltzmann distribution.
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Maxwell- Boltzmann distribution is a physically defined distribution to explain
the behaviour of ideal gases that are thought to not to interact with each other in a
constant volumed container in thermal equilibrium. In this case, the particles will have
speed distribution with a certain rms speed directly related to the temperature and
mass of the particles. This simple relation can be summarized as:
1
3
2
kT = mυrms
2
2

where k is Boltzmann constant, T is temperature, m is the mass of moving particle
and υrms is the rms speed. While dark matter and also axions doesn’t interact with
ordinary matter, the instant axions will enter the cavity and behave like ideal gases
since they don’t really interact with each other leaving ignorable gravitational effects
aside. This will create a case very similar to that of the ideal gases explained by
Maxwell and Boltzmann especially when their speeds are considered. According to
Turner, for a Sikivie type galactic axion receiver like CAPPuccino, the motion of the
Earth should be also considered while calculating the rms speed of the axions in the
cavity. Such variations should be considered when the importance of the precision of
results are considered for determining axion mass and its distribution in the galactic
halo. The characteristic energy of the axions should be considered including also their
rest energy: [10]
1
Eaxion = mc2 + mυ 2
2

where kinetic energy is expressed non-relativistically as in the previous equation. [10]

Since our motivation was to improve axion signal search by decreasing the loss in
SNR, we at first tried to generate random numbers following Maxwellian distribution
and for that purpose we relied on rms speed determined in Turner’s paper to be 355
km/s because this rms speed value is obtained by considering the motion of Earth and
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the solar system with respect to the galactic frame [10].

Then we considered 3 frequencies for the observed gamma ray as a result of the
axion decay: 1,2 and 3 GHz. Recalling the Primakoff Effect, the formula is:
mc2 = hν

where h is Planck constant. This gives us the corresponding mass of the axion. Then,
for a specific mass of the axion determined by this frequency, we expect these axion
particles to have a speed distribution in the form of Maxwellian distribution which is
defined as:
3
−mυ 2
m
) 2 4πυ 2 e 2kT
f (υ) = (
2πkT
[7]

However, in our case we will prefer to define probability density function in terms
of kinetic energy of the particles and this will not really change anything. In this case,
pdf can be expressed as: [7]

f (KE) = 2

r

−3 −KE
KE
(kT ) 2 e kT
π

Regarding these, we obtained the theoretical Maxwellian distributions for frequencies of 1, 2 and 3 GHz. Though it wouldn’t change anything in the result, since it
would be more practical to reach the result, we chose to have natural units so assumed
some crucial constants to be: h = c = k = 1.
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Figure 2.2: Theoretically obtained Maxwellian distribution for frequencies 1,2 and 3
GHz of frequencies

After obtaining the theoretical distributions, we simulated random kinetic energies coming from that distribution and expressed them via histograms. Here, we can
obtain the Q value mentioned earlier. In fact, there are two ways to have Q value
since we also have the histograms. One way is calculating it through the theoretical
definition and the other one is calculating it with the help of the histograms.

QKE =

m
KE0.5
=
∆m
∆KE

Qυ =

υ0.5
∆υ

where KE0.5 correspond to the kinetic energy value at which cdf is 0.5, or basically
median, and is the difference in this kinetic energy value and the other kinetic energy
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value that corresponds to same probability.
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Figures 2.3,4,5: Histograms for 1,2 and 3 GHz frequencies following Maxwellian
distribution

Since we had the histograms, we wanted to check if our distribution was correct
by looking for the Q values. The Q values were consistent since we knew that the
quality factor for axion signals were on the order of 106 .

Q1GHz =

109
= 3.014 × 106
331.7

Q2GHz =

2 × 109
= 3.018 × 106
662.6

Q3GHz =

3 × 109
= 3.021 × 106
993.04

After having these histograms, we wanted to gather SNR information. Before
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doing this, we divided the whole data to 18 bins. When the total number of events in
first 6 bins were divided to square root of the 6-bin width, we could obtain SNR values
which would be close to the optimum value since in theory it was known that it would
correspond to around 80 of total number of events. Here, we could also see that total
number of events in these first 6 bins are close to 80 of total number of events, though
not exactly.

N1 = 8247915.000000

N2 = 9936547.000000

N3 = 9583084.000000

Before moving on to our main analysis, I would like to demonstrate why 6-bin will
be significant in the following analysis. For this purpose, we expressed the histogram
of Maxwellian distribution for different number of bins.
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Figures 2.6;15: Histograms of Maxwellian distribution for different number of bins

As can be seen from these histograms, the Maxwellian shape gets clear after 5
bins. However, we don’t only want not to lose the axion signal information; but we
also want to have less number of bins possible that it will not degrade the hardware
performance too much so that the experiment won’t require so much time. When seen
this way, 6-bin search appears as the optimum; hence we will keep using it through our
analysis.
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3. Generating Axion Signals with Computer Simulations

Understanding the axion signal expected to be observed according to the axion
halo model,one might mistakenly think that the rest of the work is expecting to observe
the Maxwellian shape. However, it should be remembered that we don’t know the mass
of the axion which complicates the process. Hence, after understanding the shape of
an individual axion signal, we continued with simulating many signals corresponding
to different axion masses.

We started with generating 32000 axion signals corresponding to equally spaced
axion masses within the range of 700 MHz to 800 MHz following Daw’s thesis. With a
bin width of 125 Hz, we simulated 800000 data points or, with another interpretation,
800000
= 25 was the number of points for each bin and we chose 25 on purpose.
bins.
32000
[11] At first, we tried to have 32000 mass values to be chosen within the mass range
following a uniform distribution, so the mass values would be random similar to reality.
On the other hand, as you can see from the below plot, this meant overlapping signals
which was beyond the scope of our research. Therefore, we had to have equally spaced
mass values from that range and generated our signals accordingly. In order not to
have perfectly spaced bins for following coadding operations, the number of bins for
each signal should have been indivisible to 6 so 25 was suitable.
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Figure 3.1: Overlapping axion signals when zoomed in

When we don’t manipulate the signals that we have, we obtain the input signals
for binned search as you can see in Figure 3.2. When we zoom in to this plot, we see
that the signals are clearly distinguished.
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Figure 3.2: 32000 axion signals

Figure 3.3: Zoomed in version of Figure 3.2

Starting with 1-bin search corresponding to coadding of 6 data points, which is
related to keep same track with the 6-bin search case, we obtained 32000 signals as
shown in Figure 3.4. We obtained it by margin coadding following 6 bins and having
all these six data points as one data bin. Since they appear as one bin, this is related
to 1-bin search. As you can see this plot is hard to interpret so we also zoomed in to
the 1-binned margin coadded signals plot to understand it better.
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Figure 3.4: 32000 axion signals margin coadded for 1-bin search

Figure 3.5: Zoomed in version of Figure 3.4

As one can see, though addition of signals seem to increase the SNR, actually we
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lose detail of information and signal power significantly since the signals are not peaky
but rather flat.

Finally, we coadded 6 data points for each data point and repeated it for all
points of the data set. This corresponded to 6-bin search. As can be seen from the
plots, we saw that this resulted in less SNR loss compared to 1-bin search.

Figure 3.6: 32000 axion signals for 6-bin search
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Figure 3.7: Zoomed in version of Figure 3.6

Simulating the signals helped us to see that even when we work without the
background noise, it is hard to distinguish them. It also helped us to see that 6-bin
search decreases the loss in SNR value. SNR is related to the power of the signal and
we want to make it as high as possible so that we will be more sure when we get the
axion signal apart from decreasing the costs of the experiment.
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4. Generating Background Noise with Computer Simulations

ADMX experiments like CAPPuccino obtain experimental results; but these outputs are hard to be understood. Because, as you can see in the below figure, these
signals involve axion signal along with the background noise. As in any statistical
model to describe the fully unknown, we also assume that this background noise follows a Gaussian distribution with mean 0 and unknown variance. In order to decrease
this unknown factors of population variance, we increase the number of observations.
First of all, in such a case, sample variation gets close to population variation and a
simple but important rule of statistics applies. When the data points of a population
are independent and produced by an identical distribution, the average of these N
σ
samples follows Gaussian with same mean and standard deviation of √ . Here, we
N
will again follow Daw’s thesis and assume this unknown variance to be 1, so following
Central Limit Theorem when we have 10000 samples averaged the standard deviation
will be 0.01. [11]

Figure 4.1: Axion signals with background noise (left), zoomed in version of the same
plot (right)
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Knowing the reality of Central Limit Theorem and again following Daw’s thesis
[11], we obtained a sample background and also averaged 10000 backgrounds to have
less variance. The difference in variances of the backgrounds can be clearly seen in
following two plots.

Figure 4.2: Background noise with standard deviation of 1
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Figure 4.3: Averaged background noise from 10000 samples

Trying to find the axion, background noise is an important issue to be taken
into account. We started with simulating what CAPPuccino experiment is already
using. We at first coadded 6 adjacent data points and divided them to the standard
deviation of the original distribution so that we could express signal power in terms
of the standard deviation. However, mathematically this standard deviation doesn’t
really express the standard deviation of the sum. Therefore it should be corrected. But
in Monte Carlo simulations, this is seen to be practically okay so that experiments like
CAPPuccino still uses this technique. So the formula for summation is:
Pi
=
σn,i

Pj+5
j=i

σn,i

Pj
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Figure 4.4: Coadding the signals [14]

Figure 4.5: Histogram of the coadded signals [14]
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We were already expecting that the coadded signals would follow Gaussian distribution with mean 0; but due to its inconsistency with the mathematically true
√
approach, we got the standard deviation of 6.

We wanted to correct the previous approach by following this formula this time:
Pj+5
Pi
j=i Pj
= qP
j+5 2
σn,i
σ
j=i

n,j

Following this formula, this time we were able to express the effect of addition
on the standard deviation so that we could have in terms of fluctuation in the correct
manner. Then, we obtained the following plots.

Figure 4.6: Coadding the signals while considering the correct standard deviation
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Figure 4.7: Histogram of coadded signals while considering the correct standard
deviation

This time the standard deviation was 1 and this means an increase in SNR since
it is defined as the ratio of signal power to the standard deviation of the signal. Even a
correction on the standard deviation already suggested a better approach than CAPPuccino’s. [12] But we wanted to improve it even more following [13].

This time, remembering our main purpose to detect the axion signal, we also
wanted to include the signal’s effect on the background. Following [13], we said that
if there is an axion signal for that specific energy, then also the background noise
corresponding to that point should be more important. That is the reason why we
followed the formula to weigh the background noise according to the signal likelihood:
[13]
Pj+5
Pi
j=i Pj Lj
= qP
j+5
σn,i
2
j=i (σn,j Lj )
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Figure 4.8: Coadding the signals while weighing the power with respect to the signal
rate

Figure 4.9: Histogram of the coadded signals while weighing the power with respect
to the signal rate

Irem Nesli Erez, Axion Dark Matter Search with Data Collected by . . .

75

30

In this case, we again obtained the standard deviation of 1, interestingly. So we
couldn’t see any improvements in terms of the standard deviation as opposed to our
expectation. On the other hand, we investigated it even more to understand what is
happening.

Here,in the following plot, you can see the results of ıur supervisor Dr. Ko to
explain what is happening. When he increased the SNR value of the previous case by
3%, he then could have similar behaviour in terms of signal ratio passing the particular
sigma cut. This means that though we cannot see the improvement in variance when
we use the last technique, we actually improve the previous method by 3%.

Figure 4.10: The plot of ratio of number of signals passing different sigma cuts where
blue stands for coadding with the correct standard deviation and red stands for
coadding with respect to the signal rate
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5. Conclusion

In our research, we succeeded to show that instead of having 1-bin search, when
we apply 6-bin search we decrease the loss of SNR around %20 depending on our
simulations on axion signals expected to be seen according to the Axion Halo Model.
We even improved this by showing that weighing the background noise with respect to
the axion signal likelihood even improves 6-bin search by 3%. Since maximizing SNR is
one of the main issues in ADMX type of experiments, it is really important to decrease
the loss in SNR as much as possible to have less costs in terms of time and money,
keeping the high motivation to find the axion signal in the closest future. Therefore,
our showing that decreasing the SNR loss by 29% is significant and 6-bin search with
weighting on the axion signal likelihood should be applied as soon as possible if we
want to find the axions as soon as possible.
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The Fermilab g-2 experiment is measuring the anomalous magnetic moment of the muon particle, which has
started taking data from Spring 2017. Although there is currently insufficient data for analysis, simulated data
can be used to develop experimental data fitting and regression analysis tools, and allows us to explore the
systematic errors of the experiment. Using ROOT, the functional form of muon decay was fitted to simulated
data of particles with linear distributions in their momentum and phase. The electric field correction was
taken into consideration. A modified functional form of eight parameters was then developed to address the
Coherent Betatron Oscillations, and fitted to unknown simulated data to investigate the impact of multiple
frequencies on parameter fitting.
I.

THEORETICAL BACKGROUND

A. Muon Magnetic Dipole Moment and Precession
Frequency

The magnetic moment of a muon due to its spin angular momentum is given by:
q
S
(1)
2m
where the relativistic Dirac equation predicts a value
for the gyromagnetic ratio of g = 2 for a point-like spin1/2 particle. However, experiments have determined that
due to the coupling of the muon’s spin to virtual particles,
g is slightly larger than 2 (see figure 1). This offset is
measured as the anomalous magnetic moment a, given
by:
µs = g

g−2
(2)
2
Due to its magnetic dipole moment, the muon experiences a torque when placed in a magnetic field, given by
~ =µ
~ and so will undergo precession. For a muon
G
~ × B,
~
moving in a plane perpendicular to a magnetic field B,
the cyclotron and precession frequencies ω~c and ω~p are
given by:
a=

ω
~c = −

~
qB
,
mγ

ω
~p = −

~
~
gq B
qB
− (1 − γ)
2m
γm

(3)

Subtracting ωc and ωp , gives the anomalous precession
frequency ωa :
ω
~ a = −a
B.

~
qB
m

(4)

Electric Field Correction

However, we have so far ignored relativistic electromagnetic effects. The electric field of the focusing

FIG. 1. Lowest-order ”cut” hadronic vacuum polarization diagram, which contribtes to the anomalous magnetic moment
of the muon1 .

quadropoles in the laboratory frame would lead to nonzero magnetic field components in the rest frame of a
relativistic muon, and hence contribute to the precession
~ perfrequency. Thus, for a muon moving at speed β
~ and B
~ measured in the laboratory
pendicular to fields E
frame, the precession frequency is given by:
"

 ~ ~#
q
1
β×E
~ − a−
ω
~a = −
aB
m
γ2 − 1
c

(5)

At the ’magic momentum’ of 3.094 GeV/c (γ = 29.3)
~ ×E
~ term is zero, and so the
the coefficient of the B
precession due to the electric field vanishes and equation
4 is valid. Thus, measuring B and ωa is sufficient to
determine a.
The anomalous muon precession frequency ωa is measured by the detection of the electrons that are produced
as the muons decay inside the ring. Details of the experimental procedure are displayed in figure 2. The electromagnetic calorimeters of the ring detect the electrons
and measure both their energy and the time of the decay.
This allows the number of muon decays at a given time,
N (t) to be measured. The functional form for N (t) is
given by:
N (t) = N0 e

−t/τ

(1 + A cos (ωa t + φ))

(6)
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FIG. 2. A proton beam collides with a hit target and produces pions, which subsequently decay into muons and neutrinos. A
narrow momentum range of muons is injected into the ring3 .

where N0 is the inital number of electrons detected,
τ = γτ0 is the lifetime of the muons in the laboratory
frame, A is the polarimeter asymmetry and φ is the initial
phase angle of the spin with respect to the muon velocity vector. By fitting this function to the data generated
by an experiment, the value of ωa can be deduced. The
electric field of the focusing quadropoles does not contribute to anomalous precession frequency of muons with
the ’magic momentum’. However, muons with momenta
slight greater or less than the ’magic momentum’ will
experience a contribution from the electric field. Differentiating equation 5 with resepct to momentum gives the
relationship between the momentum displacement from
the ’magic momentum’, δp, and the corresponding electric field correction to the anomalous frequency, δω:


δω
ωa



n
= −2β
1−n
2

*

δp
p

2 +

(7)

have shown that several oscillatory features are present,
including the CBO frequency ωcbo . For an accurate measurement of the anomalous frequency ωa , the CBO frequency, ωcbo , needs to be taken into account when performing the parameter fit. Figure 3 shows the error in
measuring ωa if the CBO frequency is not addressed in
the fitting function. Using this to modify the functional
form, we obtain the following decay function:
N (t) =

N0 −t/τ
C(t) [1 − A(t) cos (ωa t + φ(t))]
e
τ

(8)

where:
C(t) = 1 − e

−t/τ
cbo

A1 cos (ωcbo t + φ1 )

(9)



−t
A(t) = A 1 − e /τcbo A2 cos (ωcbo t + φ2 )

(10)

where β is the velocity of the muons (≈ 1) and n is the
field index (= 0.14 for the Fermilab experiment).
C.

Coherent Betatron Oscillation

In an ideal experiment, the phase-space of the beam
would be matched perfectly to the phase-space of the
storage ring. However, mismatching phase-spaces result in vertical and horizontal beam oscillations known
as Coherent Betatron Oscillations, or CBO. This is due
to the electrical focusing and defocusing provided by the
quadropole magnets in the ring. The displacement of particles from the equilibrium path of fixed radius changes
the acceptance of the detectors. Currently, CBO is one
of the main sources of error of the g-2 measurement. Although the five-parameter function (equation 6) provides
a decent fit to the data, fourier analysis of the residuals

FIG. 3. Error in anomalous frequency ωa due to CBO frequency ωcbo if CBO frequency is not included in the fitting
function2 .
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Number of muon decays N(t)
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FIG. 4. Linear distribution of muon momentum over ±0.25%
of the magic momentum. The phase is distributed similarly.

φ(t) = φ0 + e

−t/τ
cbo

A3 cos (ωcbo t + φ3 )

(11)

This general form ignores beam losses, and does not
include any effects that are only dominant at early beam
times. Asymmetry A(t) and phase φ(t) are now assumed
to be time-dependent, and oscillate with the CBO frequency. Thus, a full fit of real data would require a 13parameter fit.
Currently, the most accurate experimental value of a is
11659208.0(5.4)(3.3)×10−10 , obtained at the Brookhaven
National Laboratory1 .
II.

METHODOLOGY AND RESULTS

A.

Data Simulation and Parameter Fitting

We created a program to simulate the experimental
data from Fermilab, using the function form of equation
6 and the exact values in table I. To simulate the experimental error associated with the calorimeter measurements, we added a Gaussian distribution√
with a standard
deviation of one and central peak-height N to each generated data point. The choice of σ = 1 was arbitrary, and
could have been changed. A function with a similar form
was then fitted to the generated data, and fitting values
were obtained for five parameters along with their associated errors. We set the anomalous
 precission frequency
of the data to ωa = 2π 2.3 × 105 rad s-1 , but decided
to fit for a small frequency displacement δω away from
ωa . We set δω to 2π(5). This is a more convenient way
to calculate the error in the frequency fitting. Equation
12 below shows the modified form of the five-parameter
fitting equation:
−t/τ

N (t) = N0 e

(1 + A cos ((ωa + δω) t + φ))

(12)

0.1
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0.3

0.4

0.5

0.6

0.7
Time (s)

×10

−3

FIG. 5. N (t) against t, for a linear distribution in momentum
and phase

Simulating particles with single-valued momentum and
phase (no distribution across particles), the fitting error
for the anomalous frequency was several orders of magnitude smaller than the expected theoretical errors2 .

B.

Momentum and Phase Distribution

To make our simulated data more realistic, a linear distribution about the ’magic momentum’ at 3.094 GeV/c
was added, over a range of ±0.25% of the magic momentum (see figure 4). This distribution in momentum leads
to a linear distribution in the phase φ, over a range of approximately 100 mrad. Table I displays the results from
the fitting, and comparisons between the actual and expected error values. Figure 5 shows N (t) plotted against
t.
As can be seen from Table I, the errors stated by our
program were several orders of magnitude smaller than
the theoretical errors expected. In order to accurately

FIG. 6. Distribution of fitting values of ωa from 100 simulations, with a linear distribution of momentum and phase.
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determine the standard deviation, the program was run
100 times, and the values of ωa added to a histogram
(Figure 6). The frequency fitting value was distributed
as a Gaussian, as expected, and a standard deviation of
3.962 × 10−3 Hz was measured. This was taken to be the
true error of our anomalous frequency fit.

C.

Electric Field Correction

From the linear distribution of momentum (Figure 4)
and equation 7, the distribution of the anomalous fre1/2
quency ωa was found to be proportional to − (δω) ,
where δω is the frequency correction due to the electric
field (Figure 7). The electric field correction only acts
to reduce the measured anomalous frequency. Thus, we
expected mean average of the fitting frequency to be less
than the exact frequency of the simulated data. By running the simulation 50 times, we obtained a Gaussian
distribution with a mean value of 4.9254 Hz, and a standard deviation of 4.342×10−3 Hz. Thus, the electric field
correction to the anomalous frequency ωa is of the order
of magnitude of 0.1 Hz.

Coherent Betatron Oscillation

To account for the Coherent Betatron Oscillations, the
13-parameter form of the decay function needs to be used
(equation 8). However, since the fitting process inadvertently correlates independent parameters, the number of
parameters was reduced from 13 to eight. A1,2,3 were
equated to form a single fitting parameter, and φ1,2,3
were fixed as different constants, though φ0 remained
a free parameter. We kept φ0 as a fitting parameter
since we are not able to determine its value easily, unlike the CBO frequency ωcbo (which can be measured
from a Fourier transform of the residuals). The eightparameter CBO fitting program was tested using simulated data with known parameter values. To more rigorously test the program’s capabilities, the functional form
of the data was then modified in secret, and the fitting
program applied to it. Since multiple frequencies are
present within the ring, two CBO frequencies that were
close together were mixed. Running the simulation 80
times, the average anomalous frequency ωa obtained was
357 rad s−1 ; comparing this to the actual value of 346
rad s−1 , we estimated an error of 8 ppm. The fitting
values of ωa had a much larger standard deviation than
the single-CBO frequency case.

Frequency Correction due to Electric Field

0.25
Proportion of total muon number

D.

0.20
0.15
0.10
0.05
0.00

1.0

0.8
0.6
Frequency correction to

a

0.4
0.2
(arbitrary units)

0.0

FIG. 7. Anomalous frequency correction due to the electric
field

FIG. 8. Distribution of ωa fitting values from 50 simulations,
with the electric field correction.
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III.

CONCLUSION

We have demonstrated that our program is capable of
both simulating data from the g-2 Fermilab experiment
and fitting the five-parameter decay functional form to
this data. However, the errors reported by the program
are significantly lower than expected from theory. Linear distributions in momentum and phase were added to
make the simulated data more realistic, and the resulting electric field correction to the anomalous frequency
was successfully implemented. Fitting errors were obtained by plotting the Gaussian distribution of the fitting parameters, and measuring their standard deviation.
The eight-parameter functional form was developed to
address the CBO frequency arising from the electric focusing and defocusing quadrupoles of the storage ring.
When fitting for two CBO frequencies, the fitting value
obtained for the anomalous frequency had an error of 8
ppm. Now, we wait for Fermilab to collect sufficient data,
so that the tools we have developed may deduce a more
accurate value for g-2.
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Determination of the Muon g-2 Factor, 2001.
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due to Beam-Beam Interaction, Nucl. Instruments Methods Phys. Res., vol. 269, pp. 722, 1988.

APPENDIX: THEORETICAL ERRORS

The theoretical errors associated with each parameter
are given by the following equations from Bennett et al.2 :
N0
σN0 = √
N

q

τ
στ = √
N
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Abstract
The axion search experiment at CAPP investigates methods of increasing the conversion power of
resonant cavities. This project investigates the suitability of using a pure sapphire dielectric cylinder
in a resonant cavity to scan across higher resonance frequencies. The goal was to achieve this while
improving overall Q-factor and power density of the cavity. It was concluded that there are two
𝜆

𝜆

optimal dielectric thicknesses: t = 4 for maximal Q-factor, Q = 91853 and t = 2 for maximal figure
of merit, F = 10.99.
𝜆

A tuneable split-cylinder design was tested for both possible t’s. For a gap of 0-3 mm, t = 4 allows
𝜆

for tuning in the eigenfrequency range, f = 7.9165 to 8.2218 GHz while t = 2 has range f = 7.0515
𝜆

to 7.0517 GHz. We concluded that t = 4 is more suitable for tuning as it covers a larger frequency
range.

1
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1. Introduction and theory
The axion is a theoretical pseudo-Nambu-Goldstone boson that solves the quantum chromodynamic
strong CP problem. [1] It is currently also one of the prevailing candidates for dark matter. However,
the very characteristics that qualify it in the search for dark matter means that it is extremely difficult
to be detected experimentally, as it hardly interacts with ordinary matter or radiation.
Modern axion experiments rely on the decay of the axion into a real photon at a frequency equal to
the orginal axion’s mass in the presence of a magnetic (B) field, as shown in Figure 1. However, this
process not only has an extremely low probability of occurring (an axion statistically decays only
once every 1046 years without the presence of the B-field), it also produces an extremely small signal
to the order of 10-21 W. [1]This is extremely hard to detect even with sensitive equipment and is often
lost to background noise.

Figure 1: CAPP’s experimental set up is searching for characteristic signals from the Reverse Primakoff
conversion to deduce the presence of the axion

This issue can be solved if the process occurs in a resonance cavity. If the frequency of the emitted
photon is equal to the resonant frequency of the cavity, the signal will be amplified. As shown in
Figure 1, the role of the B-field in reverse Primakoff conversion is to supply a virtual photon that
excites the axion into decaying. Increasing the B-field will increase decay probability of the axion,
as well as increase the enegy density stored in the cavity. However, due to physical and financial
constraints, exploration of this method is limited and from this point, B will be treated as a constant.
A secondary method, which is one of the aims of our experiment, is improving the power density
capacity of our resonant cavity. The power density of the cavity, P is proportional to B2VQC where
V is the volume of the cavity, Q is the Q-factor and C is the form factor.
Q is the ratio of the power lost per cycle to the power stored in the cavity,

∆𝑓
.
𝑓

It effectively quantifies

the “efficiency” of the cavity. The form factor, C quantifies the overlapping of the resonant mode’s
electric (E)-field and the external B-field. It is defined as
2

C=

(∫ B ∙ E dV)
.
∫ B ∙ B dV ∫ E ∙ D dV)
2

(1)
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When considering that the B field is constant and oriented in the azimuthal z-direction, Equation (2)
reduces to
2

(∫ Ez dV)
C=
.
V ∫ E 2 dV

(3)

Because B is held constant, a new variable, the figure of merit, F is defined as F = QCV. In this project,
we use it to quantify the overall performance of the cavity.
Currently, the TM010 mode is the mode of choice at CAPP for an empty cavity. However, for a
cavity of radius 44mm, typical eigenfrequencies, f are around 2.6GHz. If we want to explore higher
values of f, V must be reduced, which in greatly reduces F and the scan rate. [2] A solution to this is
to use higher order modes, TM020 and TM030, which have radial distributions as shown in Figure 2.

Figure 2: TM020 (L) and TM030 (R) are modelled as Bessel Functions of the first kind with 2 and 3 nodes in
the radial directions respectively.

However, as these higher order modes have negative Ez regions, the overall C is lower. Our project
aims to address this issue with a new cavity design: a cavity with a dielectric cylinder.

2. Empty Cavity Simulations
Empty cavity simulations were conducted to obtain a baseline for Q, C, F, and V needed for specific
eigenfrequencies. For ease of reference, these values will be referred to as “the variables” from here
onwards.
In an empty cavity, the E and B-fields are modelled as Bessel functions. The transverse magnetic
(TM) modes correspond to standing waves that have a B-field aligned in the azimuthal direction. TM
modes are thus chosen over transverse electric (TE) modes as it matches the experimental set up of
the external B-field.
The radial E-field of a TM010 mode in a resonance cavity corresponds to a Bessel function of the
first kind that cuts off at the first node. Physically, this means placing the edge of the cavity at that
point, forcing a node. Similarly, a TM020 mode is acheived by placing the edge at the second node

3
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and so on for higher order moes.. Using COMSOL simulations, the geometry of the empty cavity
was constructed and a eigenfrequency study was conducted. The variables extracted are shown in
Table 1.

Mode

Eigenfreq, f [GHz]

Radius, R [cm] Q [104]

C [10-1]

F

Scan rate

TM010

2.61

4.40

2.40

6.92

1.01

4.25×10−3

TM020

5.99

4.40

3.64

1.31

2.90

2.32×10−4

TM030

9.38

4.40

4.55

0.54

1.48

4.83×10−5

TM010

8.9648

1.28

1.65

6.92

0.59

2.09×10−5

Table 1: The first 3 rows show the eigenfrequency of different modes for a fixed outer radius. The 4 th row
shows the variables for TM010 at similar f of the quoted TM030. Note that for the TM010 to achieve the higher
f, the radius decreases significantly.

As expected, the C value decreases as the modes increase. It can be seen that for relatively
comparable f’s (the TM010 mode at 9.38GHz exactly was weak), R of TM010 is much smaller than
TM030. At this f, the F value is also drastically reduced.

3. Dielectric cavity simulations
3.1 General theory
The dieletric cylinder cavity design was proposed was because the relative permitivitty, 𝜀𝑟 of
dielectric materials are higher than that of air. From the perspective of the electromagnetic wave, a
set distance “looks” longer in a dielectric than it does in free space because the phase velocity of light
is slower. Our design utilizes this by placing the inner edge of the dielectric at first node of the radial
Ez field, directly afterwhich Ez changes polarity. The effect of this is shown in Figure 3.
Before simulations were conducted, it was suspected that this design would not only allow us to scan
at higher frequencies without sacrificing the power density of the cavity, but might actually improve
Q and C values. C is maximized as the dielectric causes the negative minima of the E-field to be
much smaller than in an empty cavity, as shown in Figure 3.
Q is maximized as the dielectric allows there to be constructive superposition between transmitted
and reflected waves.

4
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Figure 3: The radial component of the TM030 Ez field in (L) and empty cavity and (R) the dielectric cavity.

Figure 4: Reflection and transmission of standing E-wave through the dielectric. The left of the dielectric shows
the area enclosed by the dielectric. The original standing wave is denoted I 1.

As shown in Figure 4, as an electromagnetic wave that crosses a dielectric (which, in the diagram, is
𝜆
4

the rectangular box), it will be reflected and transmitted. For a dielectric of thickness t = , at the
first boundary, the wave will experience a 𝜋 phase change upon reflection (R1). The transmitted
wave, T1 experiences no phase change upon reflection (R2), but the resultant transmitted wave, T2
will have a path difference of

2×𝜆𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
,
4

which is equal to 4

2×𝜆
√𝜖𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒

as compared to R1. This

means that R1 and T2 interferes constructively, increasing the electric field strength in the area
enclosed by the dielectric.

5
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3.2 Design specifics
The schematic designs for the dielectric cylindrical cavity are shown in Figure 5. Base settings
𝜆

R = 4.4cm and t = 4 were used. The dielectric was modelled to be made of pure sapphire and the
cavity material was modelled to be copper. The material properties simulated are shown in Table 2.

Figure 5: The side-on view of the design with a centered dielectric (L) and it’s latitudinal cross-section (R).

Property

Sapphire value

Copper value

Relative permeability

1

1

Relative permittivity

10.5

1

Loss tangent, dissipation factor 10-6

N/A

Electrical conductivity [S/m]

5.99×10−7

N/A

Table 2: the values of the material propereties of sapphire (dielectric) and copper (cavity wall) used.

All relevant variables were extracted from COMSOL as shown in Table 3.
Eigenfreq, f [GHz]

Radius, R [cm]

Q [104]

C [10-1]

F

TM030

8.22

4.40

9.19

1.10

6.33 4.34×10−4

TM020

4.84

4.40

6.71

0.45

1.82 4.97×10−5

Mode

Scan rate

Table 3: The focus of this study is to decide which higher order mode produced better Q, C and F values for
the same R.

TM030 superior on all counts. This TM030 mode has a 283% increase in Q factor compared to a
TM010 mode in an empty cavity of the same size.

6
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4. Parameter studies
Having preliminarily achieved our goal of finding higher eigenfrequencies while maintaining cavity
size, we conducted a parametric permitivitty study of various variables. This was to account for
possible imperfections in the manufacturing of the sapphire dielectric as well understanding the
relationship of Q, C and F with different properties.

4.1 Thicknesses
𝜆

From mathematical calculations detailed in 3.2, it was assumed that 𝑡 = 4 gives the best Q factor. A
parametric study was conducted for different thicknesses of the dielectric to understand how the
variables changed with t. The results are shown in Table 4.
n

Eigenfreq, f [GHz]

Radius, R [cm]

Q [104]

C [10-1] F

2

7.05

4.40

3.92

4.62

10.99 3.10×10−3

3

7.62

4.40

7.97

1.86

8.9262 1.02×10−3

4

8.22

4.4

9.19

1.13

6.3271 4.34×10−4

Scan rate

𝜆

Table 4: Results of study for 𝑡 = for different values of 𝑛.
𝑛

Both Q and C vary as expected. The further 𝑛 is from 4, the more destructive interference of the E𝜆

field inside the dielectric cylinder there will be, and thus, the lower Q will be. Furthermore, at 𝑡 = 4,
𝜆

only a portion of the negative E-field is contained in the dielectric, whereas for 𝑡 = 2, the entire
negative region is encompassed. This means that the latter suppresses the magnitude of the negative
E-field more severely, explaining why C is higher.

4.2 Permitivitty tolerance study
A parametric permitivitty study was conductedd to account for possible deviations in the
manufacturing of the sapphire dielectric.

Graph of Q against
permittivity

Graph of F against pemittivity
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Figure 6: Graphs of the relationship of Q (L) and F (R) against permittivity.
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A 14% change in 𝜀𝑟 resulted in a 4% change in Q, a 0.8% change in C and a 2.6% change in F. As
the purpose of this study was to see if there was a tolerance range, outside which the variables would
change drastically, it was deduced that a possible deviance in 𝜀𝑟 of manufactured sapphire from
theoretical predictions would not greatly impact initial results.

4.3 Height tolerance study
A height tolerance study was conducted to take into account that the dielectric cylinder might have
to be slightly shorter than 10cm to fit into the cavity. Simulations were conducted for a dielectric of
height 9.8cm when it is attached to the bottom of the cavity and when it is centered.

Figure 5: The emw.slice function on COMSOL that shows the magnitude E-field in the cavity for dielectric
attached to the bottom (L) and centered (R). The red areas are regions of high magnitude E-field. Simulations
for dielectric attached to the top were not conducted as it is symmetrical to the bottom case.

Figure 6: The Ez field in the azimuthal direction. (L) is for dielectric attached at the bottom, and the E-field
decreases in magnitude as it transitions from the dielectric to air. (R) is when the dielectric is centered, where
the E-field peaks in the centre.
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4.4 Cyrogenic temperatures
One of the other significant areas of research at CAPP is developing cyrogenic environments for
axion experiments to be conducted. In temperatures near 0K, the contributions to noise from
blackbody radiation (which is proportional to temperature, T) are minimized.
The same simulations were conducted at modelled cyrogenic temperatures by setting the electrical
conductivity of the copper material to 4.5 times it’s value at room temperature. The study as detailed
in Section 4.1 was repeated for these conditions.
Radius, R [cm]

Q [104]

C [10-1]

F

n

Eigenfreq, f
[GHz]

2

7.501

0.044

8.2606

4.6154

23.161 6.53×10−3

3

7.6159

0.044

16.637

1.8458

18.635 2.10×10−3

4

8.23

0.044

19.207

1.1289

13.199 9.08×10−4

Scan rate

Table 5: Results of cyrogenic temperature study.

As seen in Table 5, in comparison to the room temperature study the cyrogenic study reported an
average 109% increase in Q, an average 0.313% decrease in C and an average 109.4% increase in F.
This implies that there should be a significant improvement in results when the designs are
experimentally tested in cyrogenic conditions.

5. Tuning mechanisms
A tuning mechanism for our dielectric design called the “split-ring” mechanism was designed to
allow scaning across a range of resonant frequencies. The schematics of this design are shown in
Figure 7.

Figure 7: A latitudinal (L) and longitudinal (R) cross section of the split-ring design. The variable spacing
between the gap is labelled as g.
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𝜆
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For both 𝑡 = and 𝑡 = , a parametric study was conducted for g randing from 1-3 mm. The results
are shown in Table 5(a) and 5(b) respectively.
Radius, R [cm]

Q [104]

C [10-1]

F

Scan rate [10−4 ]

g[mm]

Eigenfreq, f
[GHz]

1

8.1125

4.4

11.18

1.2061

8.23

6.05

2

8.0102

11.77

1.2825

9.21

7.21

12.16

1.3582

10.08

8.35

3

4.4
4.4

7.9165
𝜆

Table 5(a): tuning study for 𝑡 = .
4

Radius, R [cm]

Q [104]

C [10-1]

F

Scan rate [10−4 ]

g[mm]

Eigenfreq, f
[GHz]

1

7.0564

4.4

4.10

4.54

11.3

31.1

2

7.0561

4.4

4.29

4.35

11.32

29.9

3

7.0517

4.4

4.49

4.09

11.14

27.6

𝜆

Table 5(b): tuning study for 𝑡 = .
2

𝜆
4

𝜆
2

For the same range of g, 𝑡 = provides a 2.67% change in f while 𝑡 = has a 0.067% change. This
𝜆

leads to the conclusion that 𝑡 = 4 is more suitable for tunable searches as it allows the access of a
larger frequency range.

6. Conclusion
We were able to scan higher frequencies whilst maintaining the same volume by exploring higher
orders modes and a dielectric ring. For TM030, two different optimal designs were found. The first
𝜆

has a thickness, 𝑡 = 4 is suitable for tuning and has Q = 91853, a 457% improvement from using
𝜆
2

TM010 in an empty cavity. The second has 𝑡 = is less useful for tuning but has maximal F = 10.99,
which is an 988.1% improvement. Future work should investigate different thicknesses further in
order to optimise both F and tuning capabilities.
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SQUID-based instrumentation for Axion search and precision physics
Sanmun Kim
Mentor: Dr. Andrei Matlashov

Motivation and Goals


To understand the basic concepts of superconducting quantum interference devices(SQUIDs).



To carry out basic experiments using Mr. SQUID devices.



To test a SQUID in high frequency as quantum noise limited amplification for axion search experiments.

SQUID
A SQUID is a superconducting sensor for magnetic flux which works in cryogenic environment. It is a small ring
with two Josephson junctions which becomes superconducting at temperature below its critical temperature T C.
SQUIDs can be made from low-temperature superconducting materials (LTS), for instance niobium, or hightemperature superconducting materials (HTS), such as yttrium barium copper oxide or YBCO. LTS SQUIDs
usually work at temperature of liquid helium, T LHe = 4.2 K, and HTS SQUIDs can be cooled by liquid nitrogen at
TLN2 = 77 K. Magnetic flux through the superconducting ring can only be multiple of one flux quantum, Ф0 =

h
2e

(~2.068×10-15 Wb) so change in magnetic field less than one flux quantum is always cancelled out by the current
flowing in the ring. The Josephson junctions in the ring has critical current that limits the amount of current
flowing through the ring. When the current through the ring is greater than critical current, Josephson junction
breaks the superconductivity and voltage drop occurs in the ring and SQUID can act as a magnetic flux to voltage
transducer. Since SQUID can detect the change of magnetic flux less than a single flux quantum, SQUID can be
used as amplifier for small signals. In CAPP, SQUID is used to amplify the signal from photon generated by a
axion.

Figure 1 Simple diagram of Josephson junction [1]

Figure 2 Simplified diagram of SQUID probe[2]
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Figure 3 A V-I curve of a SQUID
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Figure 4 A V-𝚽 curve of regular SQUID [2]

Experiments with HTS SQUID at liquid nitrogen
Introduction

Figure 5 Mr. SQUID device on the probe

Figure 6 Mr. SQUID probe with magnetic shield
Mr. SQUID is installed on the board in center region and the cryogenic probe is immersed under liquid nitrogen
with magnetic shield to isolate the ring from external magnetic waves. Bias current through input coil of SQUID
is adjusted by MS-EB03 and V-I or V-Φ response can be observed by oscilloscope.
1.

Building a Flux Locked Loop

2
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Figure 7 MS-FLL device, a flux-locking loop designed for Mr. SQUID

Figure 8 MS-EB03, a control box for Mr.SQUID
We built a flux-locked loop (FLL) with MS-EB03, and MS-FLL device which is educational device
manufactured by STAR Cryoelectronics. MS-EB03 controls the bias current flowing through Mr. SQUID and it
can also control the current through the internal coil of SQUID so that magnetic flux through squid ring can be
changed. We connected the output signal from MS-EB03 to MS-FLL device so that magnetic flux signal in Mr.
SQUID is sent to integrator circuit in MS-FLL device and the reversing signal from integrator is sent back to MSEB03 device as an external signal thus locking the magnetic flux through the loop. We checked that the opposing
signal with same phase is sent from MS-FLL device when electric current through coil changes.

Figure 9 Block diagram of flux-locked loop
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Figure 10 Flux-locking circuit used in experiment

2.

Observation of Shapiro Steps and Determination of h/e

When magnetic wave source is near the SQUID unit, AC voltage is impressed on Josephson junctions and constant
voltage steps occurs in V-I curve of SQUID device. V-I curve of the SQUID unit changes as the following figure.

Figure 11 Shapiro Steps in V-I curve[1]
Since each step is

hω

, we can obtain the value for

4πe

Figure 12 Shapiro steps observed in the experiment
e
h

by observing the V-I graph. We observed the Shapiro steps

using MS-EB03 (the SQUID control unit) and MS-OSC(44GHz microwave source) made by STAR
Cryoelectronics.
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Figure 13 MS-OSC, a 44GHz microwave source.
Voltage difference between 10 steps was -442 μV ~ 458μV, 900±3μV so V=90±1μV.


e
ℎ

= (2.44 ± 0.06)×1014 𝐻𝑧 𝑉 −1 the obtained value for e/h agrees with the actual value 2.4179671×

1014 𝐻𝑧/𝑉[1] within error of 0.3 sigma.
Shapiro steps in Josephson junctions allowed to make extremely precision Volt standards. Frequency can be
generated with very high accuracy, for instance using rubidium atomic standards. Such sinusoidal microwave
signal can be applied to many Josephson junctions connected in series. It will produce Shapiro voltage steps. Such
voltage steps proportional to the applied frequency via only fundamental constants. Every developed country in
the world is using such superconducting voltage standards in their standards research institutions such as KRISS
in Korea and NIST in USA.

3.

Resistance vs Temperature of the superconductor

Mr. SQUID works in liquid nitrogen(77K). However, we can change the temperature of Mr. SQUID by raising
SQUID above liquid nitrogen and changing the relative position of Mr. SQUID. We observed how resistance of
superconducting loop made of YBCO (Yttrium barium copper oxide, a high-temperature superconducting material)
changes as temperature changes. The temperature of the SQUID device was measured by attaching a silicon diode
with 10μA current flowing through it. We can indirectly measure the temperature of silicon diode or SQUID by
measuring the voltage across the silicon diode and converting the voltage to its corresponding temperature using
conversion table.

Figure 14 Voltage-temperature response of the silicon diode used in this experiment [3]
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Figure 15 Resistance - temperature graph of YBCO SQUID
Transition to superconductor for YBCO SQUID was observed between 80.5K and 83.4K. We tried to observe the
transition to superconductor but it was difficult to adjust and keep temperature stable to the required range.

4.

Building a high resolution voltmeter with Mr. SQUID

Figure 16 Design of SQUID based voltage sensor

We used SQUID and flux locked loop as a voltmeter. Small input voltage induces the magnetic flux in the coil
which is coupled to the SQUID probe. The signal measured by the SQUID is sent to the flux-locked loop(FLL)
unit a feedback voltage. When magnetic flux inside the SQUID is locked, input voltage is completely cancelled
out by the feedback voltage and we can read the amplified voltage from FLL unit.
Function generator with voltage divider provided sinusoidal input signal of 0.1mVrms and 1mVrms, and gain
and noise was measured while varying frequency of the input signal. For R 0 , 1Ω and 10 Ω resistors were used
to observe the effect of resistor on the experiment.

6
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Figure 17~20 Gain and Noise graphs for SQUID-based voltmeter

5.

Measurement of Johnson’s noise (Current)

We tried to measure the Johnson’s noise Mr SQUID and Flux-Locked loop. Johnson’s noise for a resistor is V =
√4𝑘𝐵 𝑇𝑅 or I = √4𝑘𝐵 𝑇𝑅 −1 where 𝑘𝐵 is Boltzmann constant (1.38×10−23 𝐽/𝐾).
For 0.1Ω resistor in room temperature(300K), Johnson’s noise in current is 4.07×10−10 𝐴. Hence the accuracy
of the ammeter should be in order of hundred picoampere. To measure the current by Johnson’s noise, we built
ammeter using Mr. SQUID and flux-locked loop, and compared the signal from input coil with open circuit (No
signal) and input coil connected in series with 0.1Ω resistor which will provide Johnson’s noise of 4.07×10−10 𝐴.
A spectrum analyzer was used to measure the signal from the squid for different frequencies.

We took five measurements for five different frequencies ranging between 25Hz~10kHz. However, background
1

noise of the experiment was too large; smallest standard deviation of measurements was 0.33uVrms/Hz 2 . Our
device did not meet the precision required to observe Johnson’s noise.

Testing new SQUID design as a Micro-strip SQUID Amplifier(MSA)
Introduction [4]
CAPP seek to detect axion by reverse Primakoff effect: Axion interacts with the virtual photon in the presence of
magnetic field and real photon with axion’s rest mass energy is emitted. Electromagnetic signal from this
interaction is expected to be in range of 10−21 𝑊. SQUIDs are the only device that offer low noise, high sensitivity,
7
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high gain to detect such signals. In CAPP, SQUID should detect photons in 2~10GHz range. However, gain of
conventional SQUID rf amplifiers drop for frequency higher than 100MHz due to increasing impedance of
inductive input and decrease in the input coil caused by the parasitic capacitance between the coil and the SQUID
washer. [5] To resolve this issue, one end of input coil is disconnected forming microstrip SQUID amplifier. In
this part of experiment, we tested two different model of SQUID which is a candidate for axion detector.

Figure 21 Axion detector in CAPP
We measured the gain of the SQUID immersed in liquid helium. Network analyzer provides sinusoidal signal to
the SQUID and measures the output signal from the SQUID. SQUID used in this experiment was designed as a
regular SQUID but the input signal was applied between one end of the coil and the washer, working as microstrip
SQUID amplifier.

Figure 22 MSA and Experimental setup

Testing CE1K2 SQUID IPHT SQUID as MSA

8

Figure 23 Experimental setup[6]
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Figure 24 Simplified schematics of IPHT SQUID used in this experiment
We used CE1K2, a IPHT SQUID as our first sample (IPHT - Leibniz Institute of Photonic Technology, Jena,
Germany) [7]. This SQUID was not designed as a MSA but we disconnected one end of input coil and connected
it to washer to work as a MSA. Bias current in SQUID was varied from 20uA to 35uA and different working
points were tested for each bias current. The ‘Voltage-Magnetic flux’ curve (V-Φ curve) was not in sinusoidal
shape as expected and the working point for the highest gain was observed at the horizontal region of the V-Φ
curve which is expected to be the point of resonance. The peak frequency of gain was different for different bias
current and different working points ranging between 1.3GHz ~ 1.4GHz. Highest gain(25dB) was observed at
SQUID with 25uA bias current.

9
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Figure 25,26 Working point and Gain-frequency plot for bias current of 25uA, 32.5uA

Figure 27~30 Gain – frequency curve for different bias current and working points

For bias current of 20uA, 25uA, 30uA, we fixed the optimal working point and measured the gain while changing
the amplitude of the input signal from -35dBm to -5dBm. Gain decreases as the amplitude of the input signal
increases.

10
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Figure 31~33 Gain – Input signal amplitude graph
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Figure 34 Plot of gain versus input amplitude
Highest gain (27dB) in the experiment was observed at bias current of 25uA input signal of -35dBm with working
point at horizontal range (resonance point). Higher gain was observed at lower input signal but the data was too
noisy to be considered. The IPHT SQUID used in the experiment has not been designed for MSA, but it worked
very well with maximum gain of 27dB at unexpected working point.

Testing MSA from Korea Research Institute of Standards and Science(KRISS)
For the axion detection experiments low-noise RF amplifier is required and CAPP uses SQUID for lownoise measurements. CAPP searches for photons in 2GHz~10GHz but up to now, the RF amplifier for axion
experiment was limited to about 700 MHz. For higher frequency range detection, Korea Research Institute of
Standards and Sciences(KRISS) provides MSAs and we tested its gain. We repeated the same steps and results
were as following. [8]

Figure 35 Six working points used in this experiment.
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Figure 36~39 Gain-frequency plots for different bias current
Highest gain(15dB) was observed with bias current of 8uA, 9uA. Point 1&6, point 2&5, point 3&4
were taken symmetrically in the V-Φ curve but they had different peak frequencies. MSA from KRISS had
wider range of amplification between 2GHz ~ 3GHz but had smaller gain compared to the IPHT SQUID which
had amplification in range 1.3GHz ~ 1.5GHz with maximum gain of 27dB
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Abstract
We report on investigation on a toroidal microwave cavity for the detection of axions. We
present a preliminary measurement and simulation of a basic cavity as a proof of principle and
then use the expertise we developed to study a test toroidal cavity.

Introduction
Dark matter was first postulated in the 1930’s when calculations of rotational speeds of galaxies turned
up anomalies. In 1970’s Vera Rubin confirmed that the rotational speed was consistant with a globular
array matter permeating observed galaxies. In parallel to this the axion was postulated as a solution to
the strong CP problem. It turns out that the allowed mass range is similar to a mass range of an axion,
which makes this particle an attractive candidate for Cold Dark Matter. Part of the Cold Dark Matter
criteria is that the axion couples extremely weakly with the EM force. In fact, by the 1980’s it was
felt that the axion would not be detectable at all. In 1983 Pierre Sikkivie proposed creating a strong
magnetic field to induce the axions to convert to photons via the reverse Primakoff effect. However,
even in a 8T field the power generated will be of the order of 10−24 W . To enhace the probability of
detecting this tiny signal microwave cavities are used to boost the signal power to 10−22 W . There are
other factors involved in increasing the signal to noise ratio, but we focus on cavities.
The power from the cavity is determined by the following relation:
P ∼ B 2 V CQ
where B is magnetic field, V is volume, Q is defined as power restored over power dissipated and
C is geometric factor that is proportional to a dot product of the electric field of axion and applied
magnetic field: C ∼ Eaxion ◦ Bapplied . So we seek to maximize V, C and Q. In general, the best way to
make strong B fields of significant volume is to use a solenoid. This means that to maximize C, using
a cylindrical cavity is the best choice.
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1

Some theory

The measurement system consists of a cylindrical cavity, a VNA device and 2 antennas (couplers):

Picture 1. A scheme of the measurement system

Antennas can be of different shapes. We used two kinds of it, as shown in the picture below.

Picture 2. A monopole antenna (top) and a loop antenna (bottom).
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A VNA is connected with the cavity by ports 1 and 2. A signal is sent from both ports and the
main part of it is reflected back to the same port. It can be seen on the VNA screen as traces S11 and
S22 . According to the S-matrix rules, a trace Sxx shows the signal that has come from the port x and
has been reflected back to the port x. In a microwave cavity at certain frequencies one can observe
losses of energy of the reflected signal. At these frequencies (called resonant freguencies) some parts
of signal are transmitted from port 1 to port 2 and the other way round. In this particular case, S12
is equal to S21 , so we observe only one of them.

Picture 3. Traces S11 , S22 and S21 observed with VNA
It turns out that one can calculate these frequencies (called resonant frequencies) using an equation
derived from Maxwell’s equations:
r
jπ
c
znp 2
) + ( )2
fnpj =
(
2π
b
L
where znp are consecutive zeroes of Bessel’s functions (shown in the Table 1. and 2.), n, p are the
indices of Bessel’s functions, j is the number of nodes in a standing wave (along the z axis). L is the
length of the cavity, b is the radius of the cavity, and c is the speed of light.
In other words,different modes of the cavity are examined. As there are both electric and magnetic
field in the cavity, two types of modes are observed: TM (transverse magnetic, when there is no B field
in the direction of propagation) and TE (transverse electric, when there is no E field in the direction
of propagation). Antennas can be either a monopole (straight wire) or a loop, depending on what kind
of modes we want to observe. With loop antennas it is easier to detect TE modes, and with monopoles
TM modes can be observed.
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Table 1. Values of Bessel functions [1]

2

Basic measurements

The first task was to measure resonant frequencies of a given cavity. For a cavity of the following
parametres:
L = 400mm
b = 62mm
1 monopole and 1 loop antenna
In the table there are 10 measured frequencies and corresponding TM or TE modes calculated from
the given equation.
Frequency no.
f1
f2
f3
f4
f5
f6
f7
f8
f9
f10

Measured value
1.6GHz
1.8GHz
1.82GHz
1.86GHz
1.97GHz
2.05GHz
2.14GHz
2.34GHz
2.37GHz
2.45GHz

Assigned mode
fT E112
fT E113
fT E113
fT M 010
fT M 012
fT E114
fT M 013
fT E115 /fT E210
fT E211
fT E212

Calculated value
1.604GHz
1.81GHz
1.81GHz
1.852GHz
2.00GHz
2.06GHz
2.17GHz
2.35GHz
2.382GHz
2.469GHz

Looking at f2 and f3 one can see that they are very close to each other, so a possible pile up or
some other error may have occured. Therefore, one cannot tell which frequency was the correct one,
so in the table they both have corresponding T E113 mode. In case of f8 , there are two possible modes
that correspond so they are both in the table. When we compare the measured frequencies to the
corresponding modes, we can assume that the precision to which we can measure and calculate the
peaks is much smaller than any separation of the peaks we see.
An important thing to notice is that the mode TM010 is the lowest magnetic mode and is independent of the length of a cavity (j = 0). This mode is special because it has the best geometrical
factor C and therefore it maximizes the power of axion. TM010 will be considered in further analysis.
4
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Picture 4. A simulation of magnetic (left) and electric (right) field in a cylindrical cavity for the mode
TM010.

3

Making an antenna

After finishing basic measurements, we learnt how to make an antenna from a coaxial cable. We cut it
and soldered with a copper tube, to obtain good conductance.Then we checked how does the antenna
behave in the cavity and if it is similar to the behaviour of another antenna, measured previously. In
the picture below we can see the new antenna’s behaviour.

Picture 5. The new antenna’s behaviour
If we compare it to the Picture 3, which shows behaviour of the previously measured antenna, we
can see that the new antenna is not as good as the control one. The transmission line is more noisy
and some extra peaks appear. It may be because the new coupler’s port has not been made properly
and the connection with a cable is not tight enough.
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4

Q-factors

As stated before,the Q-factor is a good indicator of the cavity’s accuracy. There are two main ways to
measure the Q-factor: it can be done manually using the transmission trace or with the Smith chart.
Critical coupling vs. minimal coupling When we place an antenna in a cavity, there are two
characteristic positions which can give us the best results. These are critical coupling and minimal
coupling.
An antenna is critically coupled when there is no reflected signal (so that the reflection trace at a
resonant frequency goes to −∞). Of course in the experiment we cannot obtain a value of −∞, but
we say it is low enough when it reaches a value of -30dB.
An antenna is minimally coupled when its port reflection trace is almost flat, which means in practice
that the waves are no higher that 50mdB.
Q-factor from transmission We are considering the TM010 mode. The cavity has to be tuned so
as the transmission peak is as high as possible. Then we use markers and check the frequency at the
peak and at both -3dB points. Q is equal to the peak frequency divided by the difference between the
-3dB points.
Q-factor from the Smith chart When measuring the Q-factor, it is important to have critical
coupling. It can be obtained by using the Smith chart. So we change the display mode of trace S11
to Smith(R+jX) and we can see some arbitrary curve, which is usually similar to a circle, but can be
only a part of it (an arch) or a multiple circle. We want to see a whole circle, but not multiple one.
We obtain it by changing the span so that only one peak appears on the screen in the normal (Log
Mag) mode. Once we get a circle, we want it to be on the position showed below.

Picture 6. The correct position of the circle in the Smith display mode, with markers and frequencies
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Description: the circle has to cross the center of the outer circle (which means critical coupling) and
be close to 0 dB line, which in this representation is just the outer circle. Also, the phase should be 180o .
To obtain this result, we have to do calibration and port extention, which compensates for the phase
change and attenuation caused by the coupler.
When the circle is in the correct position, we set markers (2,3,4) on positions showed in the picture
f
2
above and we calculate Q-factor from the formula Q = ∆f
= |f3f−f
.
4|
What has been done to obtain a better Q-factor First measurements of the Q-factor gave a
relatively poor results - with the first method we obtained Q = 471, 44 and the result was similar with
the other method. We knew that with this cavity it was possible to obtain a value about 30000.
The edges of the cavity have been polished in order to maximize its conductivity. We also calibrated
the VNA (many times) using the 2-port calibration. Finally, we managed to get a Q = 28718 from
measuring transmission and Q = 27165 from the Smith chart, which is a reasonable improvement. Our
future plan is to clean the whole cavity with vinegar to obtain even better results.

5

Tuning rod and simulations of electromagnetic field

In general, if we put some material in the cavity, its resonant frequencies change. When it is a dielectric,
it makes the cavity ”bigger”, so the resonant frequencies go down. If it is a conductor, the cavity looks
”smaller”, so the resonant frequencies go up. Now it is time to analyse it more precisely. We put a
tuning rod in the cavity, which can be moved from the center to the side. We considered the TM010
mode. We observed how the magnetic and electric field looks like:

Picture 7. Electric fields for different positions of the tuning rod
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Picture 8.Magnetic fields for different positions of the tuning rod

The resonant frequencies change with the magnetic field. The closer to the center, the stronger the
change is. It is called tuning and the purpose of doing it is to have a continuous spectrum of resonant
frequencies, not just a few set points like in an empty cavity.
We made a simulation of the resonant frequencies of a cavity with a tuning rod in COMSOL depending on the rod position. The dependence was sinusoidal. Then we measured the actual frequencies
and compared with the simulation. We obtained following results:

Graph 1. A cylindrical cavity with a tuning rod - predicted values vs. measured values
The predicted values are very close to the measured ones, which is a satisfying result.
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6
6.1

Toroidal cavity
Motivation

Let us consider the (D/L)2 ratio, where L is the length of a cavity, and D is its diameter. The power
of axion is proportional to the cavity volume, so we would like to increase L and keep D to enhance the
volume. But as the ratio (D/L)2 goes down, the modes of the cavity become tighter (there are smaller
differences between the frequencies of adjacent modes). At some point modes start to cross and the
study is no longer valuable. In a toroidal cavity, it is supposed that this problem does not occur - there
are no mode crossings, no matter what the volume of the cavity is. Thanks to this property, toroidal
cavities are useful in axion search experiments. We can imagine a toroid as an infinite cylinder with
no end caps. But in consequence, there is no zero point where a mode could ”start”, so there should
be no φ-dependent modes. Another consequence of this is that there is no ”chosen” mode at a certain
frequency, so the modes in a toroid are actually superpositions of different TE and TM modes [2].
However, they will appear in the simulation, because a computer has to choose some point to start
with.

6.2

Plain toroidal cavity

The first step was to simulate a plain toroidal cavity without any antennas, just to know what eigenfrequencies should we expect. For the T M 010-like mode, we obtained fT M 010 = 5.83GHz.

6.3

Toroidal cavity with couplers

Basing on the plain cavity, we simulated a more realistic model - a cavity with two antennas made
of coaxial cables. We also added 2 ports as the boundary conditions, so the simulation can resemble
the system with VNA. Firstly, we observed the position of the T M 010-like mode and we obtained the
same frequency as in the previous case: fT M 010 = 5.83GHz.
When trying to confirm our simulation in the experiment, we could not find the equivalent modes.
Particularly, there was no T M 010-like mode observable. We realised that it might have happened
because of the way we put antennas inside. We used small tubes made of brass, so-called antenna
towers. Once we removed the towers, the picture became clearer and we even managed to see the
desired mode for a while, but then it disappeared and we could not find it again. At this point we
are not able to tell why such thing happens, but we assume that the free space in the towers might
create tiny wavequides which could dump our modes of interest. Even after removing the towers, the
modes were still not perfectly equivalent to the simulated ones. The possible reason might have been
the holes in a cavity. To check it, we sealed the cavity by sticking copper tape to the inner side of the
holes. We compared the results:
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Picture 9. Comparison of experimental modes of a cavity with tape (right) and without tape (left).
We can observe that the modes on the right are closer to the simulation (in red).
By putting the tape in we managed to obtain a better result, however some modes from the simulation are still not visible, and the other way round - there were some extra modes in the experiment
that did not occur in the simulation.

6.4

Multiple modes analysis

In the cavity simulation we were looking for different modes around the frequency of T M 010. We
noticed that many modes found by the program are doubled or even tripled. Their frequencies are not
identical, but very close. For a multiple mode of frequencies 7.2602GHz, 7.2669, 7.2673 and 7.2686
GHz we observed electric field in a plain cavity (we removed the antennas because they caused some
disturbances and problems with scaling). The result is shown in the following picture. The modes,
even though they are very close to each other, look very different.

Picture 10. Modes of a plain toroid cavity of frequencies respectively 7.2602, 7.2669, 7.2673 and
7.2686 GHz.
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Looking for the cause of such behaviour, we checked what would change if we increased the major
radius of the cavity two times. The comparison is shown below.

Graph 2. Simulation of eigenfrequencies of a toroidal cavity with an actual radius (62mm - lower part)
and doubled radius (upper part). The Y axis does not matter, all the lines are of the same length. We
only look at the modes’ frequencies in both cases.
It can be observed that as the radius increases, at lower frequencies modes seem to become tighter,
while at higher ones they expand. We do not know the reason of such behaviour, but it can be
connected with the fact that in a toroidal cavity the modes are superpositions of different TE and TM
modes.

6.5

Q-factor of a toroid

We made an attempt to calculate the Q-factor from the simulation, but we obtained values that grew
linearly with frequency, which was obviously wrong.
When trying to measure the Q-factor, it turned out that we cannot see the T M 010-like mode anymore.
Therefore, it was impossible to obtain any value and we had too little time to examine it properly.

6.6

φ - dependent modes

We assume that in the experiment there should be no φ - dependent modes as there is no chosen zero
point (φ is rotation around the main axis of the toroid). However, we managed to observe some of
these modes in experiment. They were clearly visible and did not seem to move when the coupling
was changing. We observed the modes of frequencies 5.69GHz and 6.11GHz, but there were more
of them. This result is quite suprising and might be a motivation for future researchers to further
examine the issue.
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6.7

Simulation of a real cavity

A cavity very similar to the actual one has been built in COMSOL, but I did not manage to finish
the calculation because the model was so complicated that it made the computer stop. However, it is
possible to optimize the project in the future and once it works, more accurate results can be obtained,
which is a promising perspective.

Picture 11. A realistic model of a toroidal cavity made with COMSOL Multiphysics.

7

Conclusion

We examined many aspects of a toroidal cavity. Although we were not able to find the modes of our
interest, we have found some new interesting properties of the cavity that can be studied in the future.
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Abstract
Microwave cavities may be used as detectors for monochromatic microwave photons produced in Primakoff
conversion of the axions. We require the cavity to be under-damped, which corresponds to its high quality
factor Q, so that it is more likely for a photon to convert into WISP, due to its prolonged lifetime within the
cavity. In the first part, we present our results regarding cylindrical cavity being introduction to the study of
a toroidal one, discussed in the second part of this paper.

I. Introduction
i.

where z0np is the p-th root of the derivative of the
Bessel function of the first kind, denoted as Jn0 (z).

Theory

Given a perfectly conducting cylindrical cavity of
the radius b and length L with the vacuum inside,
solving Maxwell’s equations for its geometry, we obtain a separable differential equation for both electric
and magnetic field, being a transverse waves. After the separation of the variables and applying the
boundary conditions, the frequency of TMnpj mode
is given by the following formula:
f npj =

c
2π

s

z

np

b

2

+



jπ
L

2

(1)

For some basic modes the values of znp and z0np
for TM and TE modes can be read from the following
table:

n
0
1
2

Values of znp
p=1
p=2
2.405 5.520
3.832 7.016
5.135 8.417

for TM Values of z0np for TE
p=3
p=1
p=2
p=3
8.654 3.832 7.016 10.174
10.174 1.841 5.331 8.536
11.620 3.054 6.706 9.970

Table 1: Values znp and z0np of the roots of the Bessel function of
the first kind and its derivative for TM and TE modes
respectively

where znp is the p-th root of the Bessel function of
the first kind Jn (z), c is the speed of light and intiger
mode numbers n, p, j stand for the mode index in
the cylindrical coordinate system. Doing the same
procedure for TEnpj mode we obtain similarly:
0
f npj

c
=
2π

s



z0np
b

2

+



jπ
L

2

(2)

Figure 1: Mode patterns in circular wave guide [2]
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Squaring and multiplying both sides of equations
(1) and (2) by D2 , where D = 2b is the cavity’s diameter. After some simple transformations, for TM
modes we get the relation:
c2 j2
( f D) =
4
2



D
L

2

+

c2 z2np
π2

(3)

Substituting z0np for znp we obtain corresponding
equation for TE modes. Plotting these relations on the
graph we get the mode chart for our cavity (Figure 7).
The very important parameter of the cavity is the
quality factor Q which, for the reason mentioned
previously, is of our great interest. It describes how
under-damped a resonator is and characterizes its
bandwidth relative to its center frequency. Higher
Q value corresponds to a lower rate of energy loss
relative to the stored energy of the resonator, meaning
that it has a low damping. The definition of Q-factor
is given by the following formula:
Q=

f0
∆f

(4)

where f 0 is the resonant frequency and ∆ f is the resonance width (full width at half maximum), i.e. it is
the difference between frequencies for −3dB points.
Due to the fact that the power P generated in the
cavity is very small even if it is placed in a strong
magnetic field B, the chance of detecting tiny signal
coming from the axion is pretty small. Thus, we are
interested in increasing the P for which the following
relation holds:
P ∼ B2 VCQ
where V is the volume and C is geometric factor proportional to the dot product of the electric field produced by an axion and applied magnetic field, namely
C ∼ ~Eax · ~Bapp . In order to increase the power significantly, we should make each of the parameters of
greater value. To produce a strong magnetic field we
should use a solenoid, which suggests a cylindricallike shape of the cavity. For such a cavity, the mode
TM010 was of our greatest interest as it is independent
of the cavity’s length and yields the highest C factor.

ii.

ing its diameter D constant. As we increase the L, the
D/L ratio becomes smaller, and thus the modes of
the cavity become tighter. Thus, for the region of
high frequencies they cross each other and it is diffucult to tell them apart. The solution is to make a
toroidal cavity, as there is no mode crossing even after
increasing the volume, therefore it is very suitable
for the axion search experiments. We might perceive
the toroidal cavity to be the infinite cylindrical one
with no end caps. But it also means that there is no
"starting point" for a mode. This fact has two consequences: the φ-dependent modes cannot exist and
all modes are actually superpositions of different TE
and TM modes [4]. However, they will appear in the
simulation, because a computer has to choose some
point to start with.

iii.

The experimental system description

In the beginning of the project we were studying
cylindrical cavity (Figure 3) and then proceeded to
toroidal one (Figure 4). The signal from the cavity was
received by two couplers and transmitted through the
wires connected to the ports 1 and 2 of the Network
Analizer (VNA) (Figure 5). Due to the dissimilar
properties of the TE and TM modes we used two
different types of antennas in order to observe these
on the VNA, the monopole and the loop (Figure 2).

Figure 2: Two types of couplers, from the top: monopole, loop

Toroidal cavity: Motivation

If we want to study the length-independent mode
TM010 , then in order to increase the cylindrical cavity’s volume, one should make the cavity longer, keep2

122

Figure 3: Cylindrical cavity of length L=400mm and radius
b=62mm
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II.

Figure 4: Toroidal cavity of major radius R=40mm, inner minor radius r1 =20mm, external radius r2 =30mm (the
thicknes of the wall is 10mm)
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The project description and results

While working with the cylindrical cavity the main
purpose was to measure and possibly increase the
quality factor Q for the cavity, in order to obtain
highly underdamped oscillator and thus favorable for
conducting axion search experiment. For this cavity,
we were working primarily with the TM010 mode, as
explained in the introduction. Proceeding to the study
of toroidal cavity, the prevalent part of our research
was to make some predictions about existing modes
based on the simulations we made using COMSOL
Multiphysics Modeling Software and then to compare
them to experimental results.

i.
.

Cylindrical Cavity:
Mode frequencies identification

Using formula (1) we calculated eigenfrequencies
of our basic cavity that measured 400 mm in length
and 62 mm in radius. The picture below represents
a mode chart of eight consecutive eigenfrequencies
starting from its lowest value for TE110 mode.

Figure 5: Experimental system, from the top: VNA, the cavity
(with the tuning rod inside)

Figure 6: The toroidal cavity with two antennas placed inside

Figure 7: Mode chart representing the eight lowest values of
eigenfrequencies

After that point we procedded to check the agreement between the model and experiment. We have
found a precise consistency of our results read from
the VNA screen, looking for the corresponding modes
within the frequency range of 1.35 - 2.1 GHz. We used
two types of antennas - a monopole and a loop. The
usage of the latter one turned out to be essential when
finding TE modes which are generally harder to find,
as their signal is weaker. Using two antennas with
the loop placed closer to the edge of cavity and the
monopole at the center, we could identify each mode
within that range with the acurracy more than 0.01
and up to 0.002 (Figure 8). We could observe all of
the modes except for the TE110 . It still needs further
work to find out what types of couplers and positions
are the best for detecting particular modes.
3
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Afterwards we modelled the EM fields for TM010
mode for the cavity with a tuning rod inside, varying
the position of its major axis from the center to the
edge. It enables us to change the resonant frequency
in a continuous way. Placing objects in the cavity
alters the mode frequency in the following way: if the
material is a dielectric, the cavity appears bigger so
that eigenfrequency decreases and conversely, for a
conductor the cavity "decreases its volume" so that
resonant frequency is now higher.

Figure 8: VNA screen with the seven lowest detectable modes

ii.

Q measurement

As we placed a conducting rod inside of the cavity,
we expected higher frequencies than 1.85 GHz for
TM010 mode. The results obtained in a simulation of
the electric and magnetic fields for that mode with
predicted frequencies for different rod’s position are
presented below.

We measured the Q-factor for the TM010 mode.
For the manual Q measurement from the transmission line we obtained the first result being merely
458. After that point we sanded the circular edges
of our cavity, removing oxidized layer, and thus improving the connections between the base and lateral
surface of the cavity and so the flow of the signal as
well. In order to increase the efficacy of the Q-factor
measurement after sanding, we calibrated the system
and did port extensions afterwards. Using Smiths
Chart we measured 27165 and from transmission line
we got 28718, which clearly stands for a tremendous
improvement and indicates that the main factor that
diminishes Q-factor is copper oxidation.

iii.

Simulation of EM fields in the cavity

Using COMSOL Multiphysics Modeling Software
we we made a model of electric and magnetic fields
for TM010 mode:

Figure 9: Simulation of the electric field (left) and magnetic field
(right) for TM010 mode

4

Figure 10: The electric field in the tuned cavity for a TM010
mode, for varying distance of the rod from the center.
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iv. Toroidal Cavity: Results
Prior to the experimental part of the project for
the toroidal cavity, we made some basic observations
regarding the modes. In particular, we found a TM010 like mode for the frequency of f =5.83GHz:

Figure 13: Simulation for the electric (on the left) and magnetic (on the right) fields for the TM010 -like mode
in toroidal cavity (the eigenfrequncy f =5.83 GHz)

Figure 11: The magnetic field in the tuned cavity for a TM010
mode, for varying distance of the rod from the center.

After then we took the measurements of the frequency for the TM010 mode for different positions of
the rod and compared the results:

Figure 12: Eigenfrequencies for the TM010 mode of the tuned
cavity with changing position of the tuning rod. Predicted vs. measured values.

We noticed that generally for a given eigenfrequency we could observe more than single mode.
Some of them were basically the same, i.e. the EM
fields were just phase shifted. But sometimes the EM
fields could be completely different. Both cases can
be observed for resonant modes within the range of
7.26 - 2.27GHz for which we could also observe quite
extraordinary shape of EM fields (Figure 15). We
also made similar simulation for toroidal cavity of
twice the major radius compared to the previous one
(Figure 14). It is not enough data to make a clear statement how frequencies change with the major radius,
but we observed that after increasing it the modes
were of more regular shape and within studied range
we observed only two different patterns of EM fields.

Figure 14: Comparison of resonant frequencies within the range
of 4.0 - 7.5GHz for the small cavity with R=40mm
(black) and bigger one with R=80mm (red)
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Unfortunately, we were unable to observe the
TM010 -like mode, even though we tried with different
types of antennas, while those in the vicinity of it were
detectable. We still do not know the reason standing
behind such a behavior. However, we noticed that it
had a lot to do with the antennas’ position, grounding
and stabilization. After removing the brass towers stabilizing the couplers we noticed a little improvement,
i.e. we could observe tiny and very unstable peak
around the desired frequency. We also made some
additional efforts. Because our simulation were made
for idealistic toroid, we tried to make our real one
as plain as possible. We carefully covered the holes
with the copper tape placed inside of our cavity. Furthermore, we cleaned it with a vinegar as to remove
any greasiness from its inner surface. After doing so,
we still could not see the TM010 mode, but we saw
some improvement regarding agreement between theoretical resonant freqencies and the measured ones
(Figure 16).

Figure 15: Modes of a plain toroid cavity of frequencies 7.260,
7.267, 7.267 and 7.269 GHz, resepectively

Figure 16: A comparison of modes with (bottom) and without
(top) the copper tape.
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We also tried the other way round, i.e. to make
our simulation more realistic - adding existing holes,
ports and towers. However it turned out that our
computers run out of power for this calculation. The
reason could be also some implementation mistake in
our model that could significantly prolong the calculation time. The model of our cavity in COMSOL is
presented below.

ii.

127

What else could be done?

Because of the observations we made regarding
the TM010 mode in a toroidal cavity, in order to find it
we should try to run the realistic modeI of our cavity,
using more powerful computer or searching for possible mistakes made in our design. After then we could
finally make the measurement of the Q factor, which
is crucial for the axion search experiment. Also, we
still need antennas study to be done (placement and
different types of them) which could improve our
understanding of appropriate detection of particular
modes and result in observing a desired one as well.
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III. Summary
i.

Conclusion

Studying a cylindrical cavity we found the agreement between the theory and measurments. It gave us
some basics to examine a toroidal one, which turned
out to be highly more complicated. Although we
were not able to find the mode of our interest, we
have found some new interesting properties of it that
can be studied in the future and need reasonable
explanation, both qualitive and quantitive.

.
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Abstract
In this research project, the dependence of gain of a gas electron multiplier (GEM) detector with voltage was obtained by
measuring the iron-55 radiation at di↵erent voltages, the result shows an exponential dependence as expected. Signal from an
oscilloscope was passed through a band pass filter to determine the experimental cut o↵ frequencies and compare these to the
theoretical cut o↵ frequencies, these showed a clear correlation. Another circuit, containing an OP amplifier was constructed
to determine the dependence of input charge to output voltage, which is shown to be linear. The rate of cosmic rays through
parallel scintillator plates as a function of distance was measured and is shown to have an exponential dependence. Finally,
iron-55 radiation and cosmic rays were measured as they traveled through a 3 foil GEM detector to determine the gain of the
detector.

I

Introduction

The aim behind this experiment is to gain knowledge into the
di↵erent uses of radiation detectors and to test them for proton
electric dipole moment (EDM) detection. We are proposing
that the polarimeter in the proton EDM experiment should
contain gas electron multiplier (GEM) detectors. Part of this
experiment is to build circuits containing amplifiers to determine the relationship between the input charge and the output
voltage and to investigate the gain against the frequency when
a signal is passed through a high/low pass filter. Another goal is
to measure the radiation from iron-55 and cosmic rays through
two di↵erent GEM detectors and to build one myself. Through
investigating these di↵erent detectors, a broader understanding
of electronics and radiation will be achieved, which will help in
providing information for the proton EDM experiment.

II
II.I

Theory
Proton EDM

The motivation behind determining the proton EDM is that
there is a need for charge parity (CP) violation, this is one of the
biggest problems in modern cosmology. The current measurements of CP violation using b meson production and through
the standard model predictions are not significant enough to
produce the matter-antimatter asymmetry which we see today.
A particles EDM violates P and time (T) and assuming CPT
conservation, it should also violate CP.
The standard model predicts a very small proton EDM, so
much so that it isn’t possible to detect with today’s technology.
This means that an observation of any particle’s EDM with recent technology would be extremely significant and would show
evidence for the existence of undiscovered physics [1].

II.II

GEM Detectors

A GEM detector is a type of ionization detector, mainly used
in nuclear and particle physics. When the radiation is incident
upon the GEM sheets, electrons are released. This then guides
them to a region of large electric field and hence causing an
electron avalanche. This avalanche is then fed through an amplifier which produces a large enough charge that can then be

detected by our electronics and cause a spike in the signal. We
are using the triple GEM structure, pictured below.

Figure 1: The triple GEM structure, where there are three
GEM foils, an anode, cathode and eight resistors[2].
Roughly 200 electrons start at the anode, and the avalanche
through the three GEM foils causes the number of electrons to
be increased rapidly and to be read at the cathode. This signal
is then fed through a multi-function data acquisition (DAQ)
and onto the computer.

II.III

Iron-55

Iron-55 is an isotope of iron containing 29 neutrons and 26
protons. This isotope decays via electron capture, which is
when an electron in the inner shell of an atom is attracted to
the nucleus, where it combines with a proton to form a neutron
and an electron neutrino. This neutrino is removed from the
nucleus with some energy [3].

II.IV

Coincidence Rate

The coincidence is the rate at which a particle which travels
through one scintillator also travels through a second one below it. Coincidence counting is used in quantum physics, testing particle non-locality and quantum entanglement. The nonlocality of a particle is its ability to moved/changed with out
being physically e↵ected [4].
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Iron-55 Radiation Through a
GEM Detector

To measure the charge as a function of the number of counts,
a source of radiation (iron-55) was placed on top of a GEM
detector. The signal from this source can then be measured
through an oscilloscope. This signal is then fed through a DAQ
and onto a computer.
This was done for a 2 and 3 foil GEM detector. With voltages
varying from 1750-1900 for the 2 foils and 3600-3650 for 3.
Starting with the smaller, 2 foil detector, 50,000 measurements of the signal were taken, allowing a precise histogram to
be formed. There were 5 measurements of the signal at di↵erent
input voltages, of which one is shown in figure 2 below.
These histograms were fitted with gaussians using CERN
ROOT and C++. The first peak is due to Argon escaping
from the gas used and the second is the signal.
Number of Counts

Histogram of the Energy when Iron-55 is exposed to a GEM detector at 1950V
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Fig.3 shows a strong exponential relationship between gain
and voltage. However, some of the points are slightly higher
or lower than expected, this could be due to the varying air
pressure from day to day as this will a↵ect the gain of a detector.

Figure 4: Set up of the large GEM detector. Where the three
foils are on the top layer.
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The next section is about the larger, 3 foil GEM detector.
This experiment is kept in a Faraday cage and requires capacitors to reduce the amount of noise detected, as shown above in
figure 4. 10,000 measurements were taken at each voltage and
the frequency versus charge was plotted using CERN ROOT.
The measurements at voltages of 3610V and 3650V are shown
below in figure 5 and 6. A total of six measurements were taken.
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Figure 2: Histogram of charge versus number of counts from
an Iron-55 radiation source at a voltage of V = 1950V.
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Histogram of the Charge when Iron-55 radiation is exposed to a three layer GEM detector at 3610 V
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Varying the voltage enables the gain to be calculated and
hence to be able to see the dependence of gain with voltage. To
calculate the gain, one parameter; the height of the peak was
used. Then using the formula
m
G=
,
(1)
m0
where G is the gain, m is the number of electrons at the cathode
and m0 is the number of electrons at the anode. The peak of
the second Gaussian is used to calculate m.
The gain can then be plotted against voltage, and the product
of this is shown in figure 3 below.
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Figure 5: Histogram of the total charge when iron-55
radiation is incident on a GEM detector at a voltage of 3610V.
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Gain vs. Voltage for Iron-55 Radiation Through a GEM Detector
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Figure 3: A graph showing the dependence of the gain of an
amplifier with the voltage.
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Figure 6: Histogram of the total charge when iron-55 radiation
is incidenct on a GEM detector at a voltage of 3650V.
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This is what you would expect from this type of amplifier.
The dependence of Input charge on Output Voltage
Output Voltage (mV)

Since 6 measurements were taken, a graph of gain against
voltage can be created. The gain was calculated using equation
(1) above. The product of this equation is shown in figure 7
below. Note that the dependence is di↵erent due to a smaller
variation in voltage.
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Figure 9: A graph of input charge versus output voltage.
Showing a linear dependence, fitted using CERN ROOT.
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Figure 7: The gain of the detector versus the voltage.
Showing a linear dependence between these voltages.

IV

Next a band pass filter was investigated, to compare the observed cut o↵ frequencies to the calculated ones. The circuit
that was made is shown in figure 10 below.

DAQ Electronics

The next section of this experiment was to make and test circuits containing amplifiers. During this section, a variety of
di↵erent circuits were made, including: Non-inverting and inverting amplifiers, low pass and high pass filters. The one used
in this experiment is shown in figure 8 below. By supplying an
input charge to the amplifier, the output was measured.

Figure 10: This diagram shows the circuit used as a band pass
filter. Where R0 = 1000⌦, R1 = 10 k⌦, C0 = 10nF and C1
= 30pF .
The output voltage of the circuit was measured at a variety
of di↵erence frequencies. The log of the frequency was then
plotted against the gain. The gain is defined as
G=

Vout
,
Vin

(2)

where Vout is the output voltage, Vin is the input voltage and
G is the gain. The theoretical gain is given by
Figure 8: The circuit that was constructed to measure the
relation between input charge and output voltage. Containing
an amplifier, two capacitors and a resistor.

Vout
=
Vin

R1
j!R0 C0
,
R0 (1 + j!R0 C0 )(1 + j!R1 C1 )

(3)

where R0 , R1 , C0 , C1 are the same as in figure 10, j is the imaginary number and ! is the frequency. Using equation 2 and 3
gives the result shown in figure 11.
Once the output voltage had been measured for various inThis shows a general agreement with the theoretical values,
put charges, the values were plotted against each other. This however, there is some variation at the peak. This is most likely
showed a linear dependence which is shown in the figure below. due to error when reading o↵ the value of the output voltage.
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where R is the rate, F = 0.01, d is the distance between the
plates, x0 and y 0 are the lengths of the sides of the top plate
and x and y are the lengths of the sides of the bottom plate.
You can see from figure 12 that the experimental and theoretical results are in agreement with each other. Both showing
an exponential dependence.

V.II

Figure 11: The log of the frequency versus the gain. Showing
the cut o↵ frequencies. The blue curve is the measured values
and the red curve is the theoretical values given by equation 3.

GEM Detector

For the last part of the project, the distribution of charge
against frequency of cosmic rays through two scintillator plates
with a 3 layer GEM detector between them was measured. The
set up is similar to that of figure 4. Two software packages
were used to analyse the data; Date and Amore. 15000 measurements were taken over 24 hours, the result of this is shown
below in figure 13.

V

Frequency /Hz

The charge versus frequency for cosmic rays travelling through a GEM detector

Cosmic Rays

The last section of my project is about the di↵erent experiments
used to detect cosmic rays and the applications in which we
can use them. Cosmic rays are any particles from outside the
atmosphere which bombard the earth [5].
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In this part of the project, the coincidence rate of cosmic rays
as a function of distance was measured using scintillator plates.
To measure the dependence, the scintillator plates (which are
parallel to each other) were moved apart, from around 3cm to
40cm. To acquire a more precise result, the coincidence rate
was measured over 10 minutes and 5 separate times for each
distance. This allowed an error to be calculated. The result is
shown in figure 12 below.
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The theoretical result, which is shown in the figure above,
was calculated using the equation
R=F
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Figure 13: The cluster charge versus the frequency of cosmic
rays. This was fitted with a Landau curve using CERN
ROOT, with a reduced chi-squared of 1.82.

VI

Conclusion

References
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Figure 12: A graph of the distance between the two plates
versus the coincidence rate. With the experimental result
compared to the theoretical one.
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Analysis of iron-55 radiation through two GEM detectors has
enabled us to calculate the dependence of the gain on voltage,
this is important when considering the GEM detectors in polarimeters used for detecting proton EDM. Investigating this
shows that there is an exponential dependence. Next DAQ
electronics (amplifiers) were investigated, showing a linear dependence of input charge on output voltage and the cut o↵
frequencies for a band pass filter. Finally, it was found that the
coincidence rate of cosmic rays decreases exponentially with
distance. This is in agreement with the theoretical estimate.

The rate of coincidence versus the distance between the two plates of a scintillator
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Abstract. We discuss the design and construction of 6-inch X 8 inch size Multi-wire
proportional chamber. We also discuss the electronic circuit of wire plate for these
chamber.
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1. Introduction
1.1. Aim. In 1968[1], George Charpak invented the MWPC and a lot of physicists
developed multi-wire proportional chamber. This paper discribes design, prototyping
and construction of homemade Multi-wire proportional chamber. We construct MWPC
without expansive or elaborate equipment. We use Garfield program to calculate distance between wires and gap size between cathodes which give 104 of gas gain. Also,
we use designspark to design the circuit on wire plate.
2. Theory
2.1. MWPC. Multi-wire proportional chamber(MWPC)is proportional counter that
detects the charged particles and gives positional information of their trajectory. Generally, MWPC consists of conducting plates and wire plate. Conducting plates work as
gas chamber and also work as cathode for wire. In wire plate case, it consists with electronic circuit and wires. Electronic circuit changes the current signal into voltage signal
and wires are work as particle detector. For wires, high voltage power is used to give
a large electrical potential difference between the wires and cathode plates. Schematic
view of MWPC is shown in Figure 1.

Figure 1: Schematic drawing of MWPC
When high energy particle pass through the MWPC, the electromagnetic interaction
occured between the paricle and gas. This electromagnetic interaction excited the electrons and ionized the gases. We called this event as primary ionization. Primary ionization produces negatively charged free electrons and Positively charged gas ions. Free
electrons are accelerated because of strong electric field. During the acceleration, primary electrons collide with other gas molecules and it ionized the other gas atoms. In
this way, thousands of ionization events are occur and we called this event as secondary
ionization. By secondary ionization, thousands of secondary electrons are generated
from each atoms. This event is known as a Townsend avalanche and final number of
electrons over initial number of electrons is known as the gas gain of the MWPC. This
means, secondary ionization process amplifies the signal because, one primary electron
produced thousands of secondary electrons and secondary electrons make electric signal
on wires. Process looks like Figure 2

2
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Figure 2: Secondary Ionization in MWPC
2.2. Energy losses of charged heavy particle. In 1952, the mean stopping power
for high-energy muons discribed by P.H Barrett, L.M.Bollinger and G. Cocconi[2]
dE
−<
>= a(E) + b(E)E
(1)
dx
E means total energy, a(E) is electronic term and b(E) is radiation term of charge
particle. By, most frequent energy of cosmic muons are about to 4Gev. From Figure 1,
we know that most of cosmic muons located in Bethe-Bloch band. In this paper, we
only consider the electronic term of energy loss and ignore the effect of radiation.

Figure 3: Stopping power of muons in copper as a graph of kinetic energy K[3]
2.2.1. Bethe-Bloch formula. Main contribution of energy losses of charged particle are
because of inelastic scattering between charged particle and electrons. During the scattering, electrons move from lower energy states to high energy states so, charged particle loses a energy. In 1930, Bethe[4] introduced the ”generalized oscillator strength”
3
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which related to form-factor[5]. The detailed discussions of this topic are done by
Rossi[6],Bichsel[7] and Fano[8]
1.Low energy region. Electron in this region has some kinetic energy which is under the cutoff kinetic energyK1 , typically 0.01eV ∼ 0.1eV[6].For low frequency region,
Bethe approximates the generalized oscillator strength,f (), as dipole oscillator strength
which has no momentum transfer with others.
K 2Z 1
2me β 2 c2 γ 2 K1
a(E) = z
[ln
− β 2]
(2)
2
2
2 Aβ
I
R
I = f () ln d ,Z is atomic number of medium, ze is charge of incident particle, K/A
is 4πNA re2 me c2 /A and A is atomic mass of medium.
2. High energy region. In this case, we can neglect the atomic excitation energies
because, it is small compared to kinetic energy of electron. From this assumption, we
can obtain
2me c2 β 2 γ 2 Kmax
K Z 1
[ln
− β 2]
(3)
a(E) = z 2
2 A β2
I2
Kmax means maximum possible kinetic energy of electron that givens by
2me c2 β 2 γ 2
Kmax =
(4)
2γme
1 + M +(
me 2
)
M

Also, I is mean excitation energy of medium. In [9], shows I/Z ' 10 ± 1 eV for elements
which have larger atomic number than sulfur.
Gas
H2
He
N2
Ne
Ar
Kr
Xe
CO2
CH4

ρg/cm3
8.38 ·105
1.66 ·10−4
1.17·10−3
8.39 ·10−4
1.66 ·10−3
3.49 ·10−3
5.49 ·10−3
1.86 ·10−3
6.70 ·10−4

I0 Wi (eV ) dE/dx(M evg −1 cm2 )
15.4
37
4.03
24.6
41
1.94
15.5
35
1.68
21.6
36
1.68
15.8
26
1.47
14.0
24
1.32
12.1
22
1.23
13.7
33
2.21
10.8
23
1.86

Table 1: Density, Ionization potential, energy required to produce an ionization pair
and mean energy loss of various gases [10]

4
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3. MWPC Design
We use materials that easily find around our life to construct the MWPC. The list
of materials are given on underline.
Apparatus name
Number, Size
ADA4817-1ARDZ Amplifier
Acril Plate
Au-wire
Capacitor(1000pF)
Capacitor(1pF)
Conducting pen
GS2525 Copper plate
Lemo connector
Resistor(10MΩ)
Resistor(0.1MΩ)

4
285mm × 285mm
30 µm
5
4
1
4
4
5
4

3.1. Chamber Design.
3.1.1. Wire space, Gap size design. From Bethe-Bloch formula, one cosmic muon created 30 ionized electron and by secondary effect, one single electron produced more
electron. We use garfield program to calculate the secondary electron number. Results
are given in Figure 4. Our expected value of gas gain by the chamber is around 104 .
From this result we finally determine the distance between wires, supply voltage and
gap size. The each of practical values are 0.75cm, 1550V and 3.2mm.

Figure 4: Secondary electron gain verse Wire spacing
3.1.2. Chamber Electronics. We use the Design spark program to construct the wire
plate. The PCB design of circuit is as shown in Figure 5. Electronic circuit is consisted
with low pass filter, wire, amplifier and lemo connector. We use 10MΩ resistors and
1000pF capacitors for Low pass filter. Therefore, cutoff frequency of low pass filter
is around 16Hz. In amplifier case, we need integrator to change charge into voltage.
5
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Time scale of signal is 100ns and amplification rate have to be 1012 because without
amplification, signal voltage will be 5 × 10−14 V. By this reason, we used 1pF capacitors
and 100kΩ resistors for integrator.
Figure 5: Design of wire plate.
Yellow squares show the soldering part of wires. Front of wires,
there are Low pass filters to eliminate high frequency noise that
come from high voltage source.
When signal create from the wire
we have to change current into
voltage because oscilloscope can
only read voltage signal. Integrating time is 100ns and amplification factor is about to 1012 . Thus,
expected value of signal is 50mV
3.1.3. Design of wire plate, spacer and cathode. From the previous step, usual size of
capacitors and resistors are 0.4 inch and wire distance is 0.3 inch. Using these values,
we finally determine the circuit size and wire plate size. Circuit size is 17.2cm × 10.6cm
and wire plate size is 20.2cm × 12.8cm. Design of wire plate is as shown in Figure 6.

Figure 6: Schematic design of wire plate
Also, we need spacer for make a upper gap between wire plate and cathode. Distance
6
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between wire soldering part and capacitor is 0.6cm so, margins of spacer are 0.5cm.
Schematic drawing of spacer and cathodes are as shown in Figure 7.

Figure 7: Schematic design of spacer and cathode
Finally, size of our components of MWPC are given in the table.
20.2cm × 15cm
6.8cm × 6.8cm
Ar 70%, CO2 30 %
1.6mm
1.6mm
20.2cm × 12.8cm
0.75cm
1.55kV

Detector size
Active area
Gas mixture
Upper gap
Under gap
Wire Plate
Wire spacing
High voltage

3.2. Make the MWPC. We construct our own circuit on wire plate and control the
position of wires without external help.
3.2.1. PCB plate. We construct the circuit on wire plate with etching method. First
step is print the circuit on the A4 size paper and cut into proper size. Next, using a tape
to fix the paper on proper position. Then, pour the water on paper until paper become
wet enough. We have to put wet towel on the paper because, when we give high pressure
on paper with iron, paper can dry and stuck on the iron. Be careful with this because,
it can tear the circuit. Then, push the iron as hard as you can with 300◦ C. Keep paper
and towel wet. After this process, remove the paper. Then ink will be transfered to
copper plate. If some parts are disturbed, we can recover it with permanent marker.
Finally, we get black lines, which have same shape with our circuit design, on copper
plate. These processes are shown in Figure 8. Result of this process is also shown in
Figure 9.
7
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Figure 8: Remove circuit to copper plate

Figure 9: Secondary electron gain verse Wire spacing
After build circuit on copper plate, we have to remove the copper by etching process.
We use FeCl3 for etching material. During the etching process, ink protect copper from
FeCl3 . Therefore, parts which placed under the ink will be servived and other parts will
be removed. These are shown in Figure 10.

8
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Figure 10: Etching process and wire plate
3.2.2. Soldering. Solder the wires with some tension are important. Without tension,
when we give some voltage on wires, wires can stuck on cathode because of electric
force. In our case, we give 0.5N on each wires. Also, to attach wires without floating,
we used wire place to solder the wire and we remove the wire onto wire plate. Wire
soldering is shown in Figure 11.

Figure 11: Wire plate with wire soldering
3.3. Test. Before we start to operate the detector, we check amplifiers and chamber
before we operate MWPC.

9
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4. Discussion
During the test, we fixed a lot of problems. First of all, when we check the amplifiers,
we realize that voltage of our ground of oscilloscope is 20V so, it causes a modulation
on signal. Also we use DC-power supply to supply the constant voltage on our amplfiers
,but it causes white noise which value is 2V. By this reason, we change the DC-power
supply into 3V batteries and we also change the plate type oscilloscope into normal
oscilloscope. In addition, our detector chamber has some leakage so, we find the leaks
and recover with silicon glue.
However, our detector still need some improvement. First, minimal spacing between
the soldering and cathode plates was too close. It caused sparks between cathode and
anode wires. Sparks are occured at 800V so, we cannot increase supply voltage until
1550V. Therefore, we don’t have enough gas gain and it caused small signal size so we
cannot see the signal. This problem can be fixed by trimming the cathode plate around
the soldering area. Another way is remove copper on cathode except the active area
part. We can remove copper by etching method. Another interesting develop direction
is about surge protection. By some reason, if battery disconnect with amplifiers, some
channels of amplifier will be float, amplifiers could have been damaged due to high
voltage. In this case, we add diodes on the circuit and we can protect the amplifiers
from high voltage. Also, internal resistance of the battery increased with time, which
caused low voltage supply. A regulator could be used to slove this problem and maintain
a constant voltage supply. Lastly, we sealed the chamber with parmenent way. By this
reason, we cannot fix components which located in chamber. To solve this problem, the
anode wire plate and cathodes should be placed in a gas-tight container that could be
opened.
5. Conclusion
We discuss the design and construction of 6-inch X 8 inch size Multi-wire proportional
chamber. We use garfield program to determine the supply voltage, wire spacing and
gap size. To get a 104 gas gain, we apply the 1550V of supply voltage, 0.75mm of wire
spacing and upper gap and under gap size are 1.6mm each. We also use designspark
to design the circuit for wire plate. Our MWPC has 4 wires and used 10MΩ resistors
and 1000pF capacitors for low-pass filter and used 1pF capacitors and 100kΩ resistors
for integrator. Expect voltage value of signal is 50mV. Also, our spacer size is 7.8cm ×
15cm and cathode sizes are 8cm × 15cm.
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Abstract
The goal of the Fermilab g-2 experiment is to estimate the anomalous magnetic
moment of muons with a much higher precision than its predecessor experiment
(E821, Brookhaven National Laboratory) and confirm or reject the observed
deviation from the theoretically estimated value, which would help us probe
physics beyond the Standard Model. Since it is a newly started experiment, we
used simulated muon data instead of depending on the insufficient experimental
data provided so far. Using CERN ROOT Data Analysis tool, we test a fiveparameter functional form by fitting for each one of the parameters. We also
include a linear distribution around a central value for some of the parameters,
as well as the electric field correction, which should be taken into consideration
for particles with momentum different than the magic momentum. Concluding,
we take into account the Coherent Betatron Oscillation (CBO) effect and the
way it imposes a systematic error in the muon g-2 factor estimation.

Introduction to the g-2 experiment
The magnetic moment of a muon is defined as:
µ~µ = gµ (

e ~
)S
2m

(1)

with gµ = 2 for an elementary spin- 21 particle of mass m, charge e, as predicted from Dirac theory. After taking into consideration a number of Standard
Model contributions, most notably the ones from QED, electroweak theory and
hadronic factors, the g factor value is estimated to be slightly more than 2 and
g −2
this difference (divided by 2) is the so-called anomalous part, αµ = µ2 . The−11
oretical calculations give the value αµ = 116591801 × 10 (±0.42ppm)
The apparatus of the Fermilab g-2 experiment consists of a circular ring of radius R = 7.5m within a uniform magnetic field of B = 1.5T maintained by
superconducting magnets. Muons are injected to the ring after being created
by the decay of charged pions (which were created by hitting protons onto a
fixed target). After each turn, the muon spin axis precesses by 12◦ ahead of the
momentum precession.
1
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Figure 1: Muon spin precession
Then the muons will decay as described in the following equations:
µ− = e− + νe + νµ

(2)

µ+ = e+ + νe + νµ

(3)

The electrons (or positrons, respectively) created bend inwards and are captured by detectors in the inner part of the ring. By measuring their energy
we can reconstruct the muon spin direction. The rate of change of the angle
between the spin and the momentum is the muon spin precession frequency.
Since the estimation of the g-2 factor requires the measurement of the muon
spin precession frequency ω~α as implied from the equation:


 ~ ~
e
~ − a − ( mc )2 β × E
ω~α = −
aB
(4)
m
p
c
, provided that we also have an accurate estimation of the uniform magnetic field
~ it is of vital importance to use accurate methods in order to correctly extract
B,
the frequency ω
~ α from the data, with the minimum amount of uncertainty. It
should be mentioned here that the Fermilab experiment uses 20 times more
muons than the Brookhaven experiment for the purpose of higher accuracy. For
muons injected into the ring with the so-called magic momentum (3.1GeV /c ⇒
γ = 29.3) the electric field term cancels so that the frequency is equal to:
ω~α = −

e ~
aB
m

(5)

For particles with momentum within a small range from the magic momentum,
we have to take into account the electric field correction, which is derived by
differentiating equation (6) with respect to p:
δωα
xe
i = −2β 2 n(1 − n)h( )2 i
(6)
ωα
R0
There are two kinds of beam oscillations that are of great interest for our experiment and these are the vertical betatron oscillations and the horizontal betatron
h

2
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oscillations. The frequencies of those oscillations, divided by the cyclotron frequency, give us the so-called vertical and horizontal tune, respectively. In the
presence of an electrostatic focusing electric field, the center of the cyclotron
orbit of a particle circulating the ring also rotates, although this is not the case
when only magnetic field (and not electric field) is present.

Figure 2: The horizontal CBO of the beam and the radii of the cyclotron orbit(ρ)
and of the center of the cyclotron orbit (R)

Figure 3: Error in anomalous frequency ωa due to CBO frequency ωcbo if CBO
frequency is not included in the fitting function.
The measurement of αµ from the BNL experiment to a 0.54 ppm precision
results to a value of αµ = 116592089 × 10−11 , with the difference between the
experiment and the Standard Model prediction being ∆αµ = (287±80)×10−11 ,
which is equal to almost 3.4 σ (standard deviation). The goal of the Fermilab
experiment is to increase this accuracy to 7σ standard deviation.
3
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Methodology & Results
We estimate the muon spin precession frequency by fitting the five parameter
function, which gives us the number of muon decay electrons above a pre-selected
energy threshold as a function of time:
t

N (t) = N0 e− τ [1 + Acos(ωα t + φ)]

(7)

where N0 is the initial number of electrons at t = 0, τ = γτ0 is the dilated
lifetime of the muons, A is the polarimeter asymmetry, ωα is the spin precession
frequency and φ is the initial phase. We use the following values for our variables:
N0 = 107
τ = γτ0 = 29.3 × 2.2 × 10−6 = 64.46µsec
A = 0.35
ωα = 2πf = 2 × π × 230000 = 1444400 rad
sec
φ = 0.3
The fitting function has the following form:

x[0]

N (x[0]) = par[0]×e− par[1] × 1+par[2]×cos 2π×230000+par[3])×x[0]+par[4]
(8)
with the fitting parameters being N0 , τ, A, ∆ωα , φ. We now modify the initial
function so that the momentum (and subsequently γ) is not fixed but within a
0.25% range, following a linear distribution, about the magic momentum value,
which is reasonable because not all the particles have exactly the same momentum. In addition, we included a range of values for the phase parameter, this
time a ±30% variation from the 0.3 value, using linear distribution once again.
The results of our fitting procedure so far concerning the N-t plot, are shown
below:

Figure 4: Fitting for a range of muon momenta and initial phase

The distribution of frequency after running the code 100 times follows in a quite
good approximation the Gaussian distribution:

4
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Considering that the 68% of the events in a normal distribution lie in the interval (x̄ − σ, x̄ + σ), from the histogram we estimate that the standard deviation
is equal to σ = 3.962 × 10−3 . For the estimation of the parameter errors, we
compare the estimated ones from the fitting with the theoretical ones that can
be derived from the following formulae:

5
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We then have to take into consideration the electric field correction, according
to equation (6). For relativistic particles β ' 1 and we use for the index the
value n = 0.14. After accounting for a 0.5mm spatial spread from the central
position of the beam, the fitting for the frequency gives us the following results:

The mean value we get for the frequency now is ∆f = 4.92536Hz and for the
standard deviation σ = 4.34217 × 10−3 Hz. The mean frequency is shifted to a
slightly lower value, whereas the standard deviation remains almost the same.
Regarding the Coherent Betatron Oscillation (CBO), we modify the five-parameter
functional form so that we include three time-dependent terms:
t

N (t) = N0 e− τ C(t)[1 + A(t)cos(ωα t + φ(t))]

(9)

with these terms being:
C(t) = 1 − e

t
CBO

−τ

A1 cos(ωCBO t + φ1 )

−τ t
CBO

A(t) = A 1 − e

A2 cos(ωCBO t + φ2 )

φ(t) = φ0 + e

−τ t
CBO

A3 cos(ωCBO t + φ3 )

We use the following values:
N0 = 108
τ = 64µsec
τCBO = 100µsec
A = 0.35
A1 = 0.01
A2 = 0.02
A3 = 0.03
ωα = 2 × π × 230000 = 1444400 rad
sec
ωCBO = 1.9 × 2 × π × 230000 = 2744360 rad
sec
φ0 = 0.05
φ1 = 0.08
6

(10)


(11)
(12)
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φ2 = 0.11
φ3 = 0.15.
Our fitting function fits for the following eight paramaters: N0 , τCBO , A1 , δωCBO ,
φ1 , τ, A, δωα . Actually, the number of parameters was reduced from thirteen to
eight by equating A1,2,3 as a single parameter, and fixing φ1,2,3 as different constants and only treating φ0 as a parameter. Running the simulation 80 times,
the average anomalous frequency ωa obtained was 357 rad s−1 ; comparing this
to the actual value of 346 rad s−1 , we estimated an error of 8 ppm. The fitting values of ωa had a much larger standard deviation than the single-CBO
frequency case.

Conclusions
Throughout the project, we have outlined the impact of different modifications
in a number of parameters to the spin precession frequency and thus to the g-2
of muons. Linear distributions in momentum and phase were added and the
resulting electric field correction to the anomalous frequency was successfully
implemented. Fitting errors were obtained by plotting the Gaussian distribution
of the fitting parameters, and measuring their standard deviation. The eightparameter functional form was developed to address the CBO frequency arising
from the electric quadrupoles of the storage ring. For the CBO effect, it seems
that the introduction of two different CBO frequencies gives us a relatively wide
range in the frequency output
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Muon g-2/EDM Software Framework Development
Author: Jordan Palmer
Royal Holloway, University Of London

Abstract—The aim of this project was to begin the
software framework for the g-2/EDM experiment at JPARC in Japan. The basis C++ code for the software
was received from the people at J-PARC which was then
studied, fixed and refined. A large amount of time has
been spent learning Geant4 and how it can be used to
simulate positrons passing through a basic representation
of the g-2/EDM experiment. The detector response was
successfully written to a ROOT file which can be used for
analysis purposes. A GDML file was received containing
an accurate representation of the g-2/EDM experimental
geometry. Muons were fired into the ”world” of this file
and the data was written into a ROOT file. The position
of secondary positrons were explored.

I. I NTRODUCTION
The main goal of the muon g-2/EDM experiment
at J-PARC is to measure the muon’s anomalous
magnetic moment and electric dipole moment with
high precision using an ultra-cold muon beam with
an energy of 300 MeV/c. For this experiment the
~ will be set to zero and therefore
electric field, E,
simplifying the equation for the precession of the
anomalous magnetic moment, ω
~ a , from

to

~i
1  β~ ∧ E
−e h ~
aµ B − aµ − 2
,
ω
~a =
mµ
γ −1
c
−e ~
ω
~a =
aµ B.
mµ

(1)

(n(+, t) − n(−, t))
,
(3)
sum
with n(+/-,t) referring to the number of observed
decay positrons for beam muons with spin (+/-).
This is completed instead of analysing the number of higher energy decay positrons observed,
n(t), versus time in store t. The sum is simply
n(+, t) + n(−, t). The g-2/EDM experiment at JPARC aims to measure g-2 with a precision of 0.1
ppm which is more accurate than the previously
measured value of 0.5 ppm at BNL. If the g-2/EDM
experiment at J-PARC discover a value of g-2 which
is different to the value predicted by the Standard
Model, it will confirm the data collected at Fermilab
and the conclusion of new physics could be made
depending on the accuracy of the measurements.
The J-PARC experiment is still under construction and will need a sophisticated software framework to analyse the data and compare it to simulations generated using the Geant4 program. The
team at J-PARC decided that it will be efficient
to construct the software framework from scratch
rather than editing already existing codes from other
experiments.
R(t) =

II. P REPARATION
(2)

~ is the magnetic field applied, γ is the
Where B
Lorentz factor, mµ is the mass of a muon, β~ is the
Beta factor, aµ is the anomalous magnetic moment
~ is the applied electric field. In the g-2/EDM
and E
experiment muons will decay into positrons; these
are likely to be emitted in the direction of the muons
total spin. It is expected for the total spin direction
to rotate 360 degrees in a total of 300 turns in
the storage region [1]. J-PARC is an adaptation to
the g-2 experiment in Fermilab. However, unlike
Fermilab, J-PARC will analyse the ratio

In the first week alot of time was spent practising
using ROOT and Roofit to plot relevant graphs
whilst J-PARC were finalising their basis software.
The following five parameter fit was investigated
N (t) = N0 e−t/γτ (1 + Acos[ωa t + φ]),

(4)

where N0 is the number of muons at t = 0, A is
the amplitude and φ is the phase difference. The
additional cosine term introduces a precession in
the anomalous magnetic moment; the relationship
between aµ and ωa is shown in Eqn.2. Using the
predicted values for the parameters in Eqn.4 and
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the Roofit package, Monte Carlo particles were a class called DetCon.cc was produced which
generated and then fitted using a function that defines the shape and material of the detector. After
practising with different shapes, materials, sizes and
satisfies all five parameters.
positioning of the detector a better understanding of
the program was achieved. Using the G4Tubs class
a cylinder to represent the shape in which encloses
the magnetic field in the g-2/EDM experiment was
produced. Within this class the elements required to
create the materials included in the detectors was
defined, namely, air and silicon. It seemed logical
to define the magnetic field within the DetCon.cc
class as it fits within the geometry definition and
therefore it was possible to isolate a uniform magFig. 1: A graph of N(t) as a function of time.
netic field within the cylinder.
Fig.1 is similar to a nuclear decay graph, however
the additional cosine term introduces an oscillation.
It is expected to see a plot similar to this from
the experiment in which it will be possible to
infer the value of ωa and therefore determine the
muons anomalous magnetic moment aµ with a high
precision.
III. G EANT 4
To begin to produce a graph similar to Fig.1 and
predict the value of aµ one must produce a simulation of the experiment. Our team have decided
to produce the Geant4 simulation of the g-2/EDM
experiment at J-PARC from scratch, except from the
detector geometry, such that the team had a chance
to learn and master the program. The main steps
required to produce a successful Geant4 program
are the following:
1) Detector construction.
2) Define the particles and processes that will be
simulated.
3) How the primary particles in an event are
produced.
4) Any additional requirements of the simulation.
For a successful compilation of a Geant4 program,
the following information must be given to the Run
Manager within the main function:
• G4VUserDetectorConstruction
• G4VUserPhysicsList
• G4VUserActionInitialization
Geant4 does not provide default behaviour for
these classes therefore the first step was to give
each of these classes some functionality. To begin,

Fig. 2: A cylinder created using G4Tubs,
enclosing a magnetic field.
The next step was to initiate a positron with a
given momentum. A class named PriGenAct.cc
was created next which initiates the position of a
particle gun which ”emits” the particles. Within this
class the primary particle was defined as well as
its initial momentum and direction. After creating
a functional user action initialization class and a
visualisation macro, the program successfully compiled and the result is shown in Fig.3 after entering
the following commands into the graphics window:
• /control/execute vis.mac
• /run/beamOn <numberofevents>
where the user enters the number of events they
want to simulate.
There is an invisible box in Fig.3 which represents the World. Nothing is recorded outside
of this box, therefore any object in which the
user wants to take part in the simulation must be
enclosed within it. The box can be shown by editing
the vis.mac file.
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a GDML file to be read and for the geometry
to be extracted and read into a Geant4 file.
Once an object of type G4GDMLParser was created it was then possible to use the command
parser.GetWorldVolume() to extract the geometry information of the World. Using this information, a magnetic field was applied and a muon
was generated in the same way as before.

Fig. 3: A simulation of a positron entering a
cylinder enclosing a magnetic field.
IV. GDML F ILE I MPLEMENTATION
A GDML file in which contains the code that
produces the 3D representation of the experiment
in great detail was received. This is shown below
in Fig.4.

Fig. 5: Running 10000 muons in orbit of the
detector.
Fig.5 shows a detailed simulation of the g2/EDM experiment. 10000 muons have been fired
into the World which, due to the strength of the
magnetic field and momentum, orbit the detector.
The particles that hit the vanes are detected and
their relevant information is stored within a ROOT
file. It is possible to then isolate only the positron
hits and determine which event they belong to. By
isolating a particular event, it is possible to infer the
track of an individual positron. A view from above
of an individual positron track is shown in Fig.6.
Fig. 4: Compilation of the GDML file showing the
g-2/EDM detector, drawn using Root.
Using the techniques learned using Geant4,
a magnetic field was applied and a muon gun
was initiated. Implementing a GDML file into
Geant4 was not a trivial task and required a
large amount of work. The main class used to
accomplish this task was G4GDMLParser.hh
obtained from Geant4. This class allows for
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trajectory in two dimensions, one obtains a plot like
Fig.8.

Fig. 6: Spiral track of an individual event.
In this plot the points have been drawn in order
using a particular plotting style given in ROOT. This
produces a line in which will represent the path of
the positron in 2-D. This graph in 3-D is a very
busy plot, therefore it is beneficial to set a cut in
the z axis to produce a clearer 3-D graph shown in
Fig.7.

Fig. 7: Spiral track of an individual event in 3-D
after applying cuts in the z axis.

V. T HE N EXT S TEP
The final product created from the past five weeks
is the very basic version of a completed Geant4
simulation. The following details regarding the g2/EDM experiment are yet to be added to the
simulation.
1) The specification of how the muon’s are generated. Therefore one must simulate protons
hitting a graphite target which then create
π + particles which will stop at the target
and decay into µ+ particles. These are then
fired into a silca gel target and the resulting
µ+ particles are re-accelerated. The resulting
spins of the muons are all random therefore
a spin flipping technique will need to be
included.
2) For a more precise measurement of ω
~ , the
muon beam will be injected using a new
technique of 3-dimensional spiral injection.
3) A kicker will also need to be implemented
such that the muon beam is stored part way
down the detector in the same way the g2/EDM experiment will.
VI. S UMMARY
A basic representation of the g-2/EDM experiment simulation was created which reads in a GDML
file, generates a magnetic field and generates a
beam of particles. A program has been written to
write the detector response information to a ROOT
file containing a lot of information about every
individual particle track. With more time, it would
be beneficial to begin to work out how we could
use this code within the software framework and
how we could use it to calculate g-2. The overall
result is basic, however, we have become competent
at Geant4 and have created a good basis code for
any future projects regarding the simulation of the
g-2/EDM experiment at J-PARC.
R EFERENCES

Fig. 8: Fitted positron trajectory in 2-D.
By making a macro to fit a curve to the positron
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Abstract

The axion is a hypothetical pseudo-Nambu-Goldstone boson which resolves the strong CP
problem. The search for axions at CAPP relies on increasing the conversion power of resonant
cavities. This project focuses on using a dielectric ring inside a resonant cavity to extend the search
at higher frequencies for a constant cavity volume. The Q-factor and figure of merit of different
designs were measured. In addition a tuning mechanism for the cavity was investigated.
Using COMSOL simulations, it was decided that there were two optimal dielectric designs. The
first has a dielectric ring of thickness of λ/4 which can be used for tuning and has a Q-factor of
91853, a 457% improvement from using TM010 for a similar frequency in an empty cavity of the
same size. The second has a ring of thickness λ/2 which has a maximal figure of merit of 10.99,
which is a 988% improvement.

1

Introduction

The axion is a hypothetical particle which was initially postulated by Peccei and Quinn in 1977 as
a solution to the strong CP problem[1] . It also happens to be a dark matter candidate[2] . One of
its properties is that it does not interact with the EM spectrum, making it difficult to detect. In
order to be able to detect its presence we have to detect the two photons emitted when the axion
decays.
However, on average one axion decays once in 1046 years. As the estimate for axion concentration in free space is 1014 axions/cm3 , it is impossible for us to detect the axions in free space. But
by using an external magnetic field which acts as a virtual photon we can excite the axion into
decaying by producing one photon instead of two as shown in Fig. 1.

Figure 1: Axion decay in an external magnetic field B0 . [4]

1
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In order to determine the mass of the axion, the energy of the photon needs to be measured.
But the power of this photon is of the order 10−24 W[3] and due to the noise inherent in all electrical
apparatus, this would be impossible to detect. A cavity that will resonate at the same frequency
as the photon can be used to enhance the power output.
The power output of the cavity, P , is given by
P = B 2 QV C

(1)

where B is the magnetic field strength, Q is the quality (Q-)factor of the cavity, C is the form
factor and V is the volume of the cavity. The Q-factor is the ratio of energy stored in the cavity
to power lost per cycle and is given by
4f
.
(2)
f
The current Q-factor used in experimentation at CAPP is approximately 23000 at room temperature. The form factor[5] is given by
R
( B · E dV )2
R
R
C=
,
(3)
B · B dV E · D dV
Q=

and is a measure of how much the E-field is aligned to the applied magnetic field. Current experiments use a magnetic field of the form B = B0 z. The figure of merit is defined to be
F = QCV

(4)

and needs to be maximised for a given B in order to maximise P .
In order to maximise C, it is desirable to have the E-field in the z-direction only (by Equation
3). For this reason transverse magnetic (TM) modes must be used to generate cavities that will
resonate with the photon. Tests conducted at CAPP currently use the TM010 mode (an E-field
with one node in the radial direction and no nodes in the vertical direction).
The maximum size of the cavity is limited by the size of the magnet producing the external
magnetic field. So for the TM010 in a fixed size cavity only a small range of frequencies can be
searched. In order to be able to scan higher frequencies using the TM010 mode, the radius must
be reduced. This reduces the overall volume and hence F (by Equation 4). But by using different
modes, such as TM020 and TM030 , higher frequencies can be scanned without losing volume. Due
to the cavity being fixed at maximum size, for any change in frequency the wavelength must also
change. In this paper, λ refers to the wavelength within the dielectric ring such that λ = λ√air
r
where λair is the wavelength in air and r is the relative permittivity of the dielectric.

2

Empty Cavity simulations

In order to be able to develop the cavity design, it was first necessary to model an empty copper
cavity for different TM modes in COMSOL. For the current cavity size (radius R = 0.044 m, height
H = 0.1 m) the resonant frequency for the TM010 mode is 2.60 GHz. Using these dimensions, the
TM020 and TM030 for the same size of cavity could be modelled. The plots of the Ez -field along
the radial direction are shown in Fig. 2. There is no variation in field strength in the z-direction.
The TM020 and TM030 modes have two and three E-field nodes respectively as shown in Fig.
2 and so have regions within the cavity where the electric field is pointing anti-parallel to the
magnetic field. This reduces C. The results of the simulations are shown in Table 1 where we have
used copper with properties shown in Table 2.
Table 1 shows that, in fact, Q increases with TM020 and TM030 modes compared to the TM010
mode, but C decreases which has an overall effect of reducing the scan rate which is defined to be
QC 2 V 2 .

3

Inserting a dielectric ring

In order to increase both Q and C, a hollow cylinder made of a dielectric material (a "dielectric
ring") was placed inside the copper cavity as shown in Fig. 3. The dielectric was chosen to be
sapphire with properties shown in Table 2.
2
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Figure 2: The Ez -field along a radial arc length for TM010 , TM020 and TM030 modes in an empty
cavity of radius 0.044m.

Table 1: The eigenfrequencies, Q, C and F values for
empty cavity with fixed radius.
Mode Eigenfrequency (GHz)
TM010
2.61
TM020
5.99
TM030
9.38

the TM010 , TM020 and TM030 modes in an
Q
24010
36360
45536

C
0.692
0.131
0.0536

F
1.01
2.90
1.48

Table 2: The properties of the copper cavity and sapphire ring used in COMSOL simulations.
Property
Copper Value Sapphire Value
Relative permeability
1
1
Relative permittivity, r
1
10.5
Electrical conductivity, σCu
5.998E7 S/m
N/A
Loss tangent, dissipation factor
N/A
1E-06

Figure 3: Diagram of the dielectric ring inside the cylindrical cavity (L) and top view of cavity
with dimensions (R).
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Figure 4: There is a π phase change on reflection at the first air-dielectric boundary (I1 to R1). The
transmitted wave (T1) which passes through the dielectric experiences no phase change on reflection
which is
(R2) at the second dielectric-air boundary but T2 has a path length difference of λdielectric
2
equivalent to 2λ√air
compared
to
R1.
This
means
that
the
waves
R1
and
T2
interfere
constructively,
r
increasing the field strength in the volume enclosed by the inner surface of the dielectric.
Table 3: The eigenfrequencies, Q, C and F values for TM020 and TM030 modes when there is a
dielectric ring within the cavity.
Mode Eigenfrequency (GHz)
Q
C
F
TM020
4.84
67095 0.0447 1.82
TM030
8.22
91853 0.1129 6.33

3.1

TM020 and TM030 modes

The inner surface of the sapphire ring was positioned at the first node of the Ez -field and the
thickness of the ring, t, was set to be t = λ/4. These dimensions maximise the constructive
interference of the E-field in the region enclosed by the dielectric cylinder due to the reflection
from air-sapphire boundaries[6] (as shown in Fig. 4). The outer radius of the cavity was fixed at
R=0.044 m as this is the size of the cavities currently in use at CAPP. The eigenfrequencies and
the associated Q, C and F values found for the TM020 and TM030 modes are shown in Table 3.
From Table 3 it is clear that the TM030 mode is the most favourable, with higher Q and C
values. This is because there is less E-field in the negative direction for the TM030 mode than the
TM020 mode. We will pursue the TM030 mode in further investigations.

3.2

Optimisation of the thickness of the dielectric ring

An initial thickness equal to λ/4 was chosen as this maximised the field in the region enclosed by
the dielecric ring. However changing the thickness of the dielectric ring has a direct impact on the
Q and C values. Thus different thicknesses ranging from t = λ/5 to t = λ/2 were investigated
for the TM030 mode. The results are shown in Table 4 along with the Ez -field plot against radial
distance for t = λ/4 and t = λ/2 in Figure 5.
Table 4 shows that increasing the thickness of the dielectric from t = λ/4 to t = λ/2 causes
Q to decrease. This is expected because at t = λ/4 there is constructive interference of reflected
waves in the central air region whereas for t = λ/2 there is destructive interference. However the
C value increases because for t = λ/2 the whole of the negative region is inside the dielectric and

Table 4: The eigenfrequencies, Q, C and F values for the TM030 modes
dielectric ring is changed inside a cavity of fixed radius R=0.044 m
Thickness Eigenfrequency (GHz)
Q
C
λ/5
8.64
85485 0.090
λ/4
8.22
91853 0.113
λ/3
7.62
79694 0.186
λ/2
7.05
39195 0.462
4

when the thickness of the
F
4.68
6.33
8.93
10.99
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Figure 5: The Ez -field along a radial arc length for TM030 mode for t = λ/4 (L) and t = λ/4 (R)
with position of dielectric ring superimposed. The form factor was 6.33 and 10.99 respectively.

Figure 6: Diagram of the split ring inside the cylindrical cavity (L) and top view of cavity with
dimensions (R).
so becomes less negative whereas for t = λ/4 only half the negative region is within the dielectric
as shown in Fig. 5. Overall the change in C has more effect than the reduction in Q so F is larger
(t=λ/2)
for t = λ/2 than t = λ/4 with the ratio F
F (t=λ/4) equal to 1.74. Comparing the figure of merit for
a TM010 mode in an empty cavity with an eigenfrequency of approximately that of the t = λ/2
design you find that 11 empty cavities are needed to achieve the equivalent F of the t = λ/2 design.
This shows a big improvement from current methods used at CAPP.

4

Tuning the cavity

In order to scan a range of frequencies to search for the axion mass, it is necessary to have a
mechanism in place to change the frequency slowly. With the dielectric ring design, there were two
possible ways of tuning the cavity as shown in Figs. 6 and 7. One involves cutting the ring vertically and moving the ring in the horizontal direction, the "split ring" design. The other involves
cutting the cylinder horizontally in the middle and moving the two pieces in the vertical direction,
the "half cylinder" design.

4.1

Split Ring Tuning

Table 5 shows the results of the split ring design for both t = λ/2 and t = λ/4. It can be seen
that for the t = λ/2 design the eigenfrequency hardly changes as the gap increases. This means
that this design is not good for scanning a range of frequencies. In contrast there is a change of
nearly 500 MHz when the gap was increased from 0 mm to 5 mm with the t = λ/4 design. Current
methods scan a similar range of frequencies, suggesting that this design could be used in practice.
5
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Figure 7: Schematics of the half cylinder inside the cylindrical cavity with side view (L) and top
view (R).

Table 5: The eigenfrequencies, Q, C and F values for different thicknesses of dielectric ring for
TM030 mode with cavity of fixed radius R=0.044 m when the gap between the two halves of the
split ring is increased.
Thickness Gap (mm) Eigenfrequency (GHz)
Q
C
F
λ/2
0
7.0515
39195
82606 23.16
λ/2
1
7.0564
40980 0.4537 11.30
λ/2
2
7.0561
42880 0.4347 11.32
λ/2
3
7.0517
44874 0.4087 11.14
λ/2
10
7.018
26726 0.0208 0.34
λ/4
0
8.2218
100720 0.1129 6.33
λ/4
1
8.1125
111842 0.1206 8.23
λ/4
2
8.0102
117727 0.1283 9.21
λ/4
3
7.9165
121649 0.1358 10.08
λ/4
4
7.8321
124610 0.1431 10.88
λ/4
5
7.7569
126889 0.1499 11.60
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Table 6: The eigenfrequencies, Q and F values for different permittivities of the sapphire dielectric
ring of thickness t = λ/4 for TM030 mode with cavity of fixed radius R=0.044 m. There were only
small fluctuations in C around C = 0.11.
Permittivity Eigenfrequency [GHz]
Q
F
10.5
8.2216
91922 6.32
10.2
8.2211
91332 6.26
9.9
8.2209
90583 6.20
9.6
8.2205
87241 5.02
9.3
8.2204
89122 6.06
9.0
8.2202
88324 5.98
In addition, the Q and C values are only slightly affected by the increased gap size, in fact they
increase. Further studies should be carried out in order to optimise both tuning and F values.

4.2

Half Cylinder Tuning

Increasing the half cylinder gap size from 0 to 3 mm had little effect on the frequency. In addition,
the Q and C values decreased largely with gap size so these simulations were not pursued further.
These unfavourable results were expected because the TM030 mode in a cavity with a solid dielectric
ring has no dependence on the vertical position in the cavity. However when carrying out the half
cylinder splitting we have introduced inhomogeneity in the z-direction which will affect the E-field.
In contrast favourable results were expected for the split ring design as the eigenfrequency directly
depends on changes in the radial direction which is what happened when the gap was increased.

5

Tolerances

There are many studies that can be undertaken to look at the tolerances of various parameters
of the cavity and dielectric ring. They are important to do because they show exactly how much
values depend on the cavity conditions. In our project studies were conducted by varying the
permittivity of the dielectric ring, the temperature of the cavity and the height of the dielectric
cylinder.

5.1

Permittivity study

The results presented so far have been modelled using a sapphire relative permittivity of 10.5, as
shown in Table 2. However in practice when the sapphire is manufactured there can be variations in
the permittivity. We varied the permittivity from 10.5 to 9.0 for a cylindrical cavity with dielectric
ring thickness of t = λ/4 and the results are shown in Table 6.
Table 6 shows an overall pattern of a decrease in Q with a decrease of permittivity. This is to
be expected as larger permittivities more greatly effect the electric field, making the negative parts
less negative. However overall the change in Q and F is not very large (3.9% and 5.4% respectively)
and the eigenfrequency remains almost constant so concerns about inhomogeneity in permittivity
in the dielectric ring can be dismissed.

5.2

Cryogenic temperature study

Previously the cavity has been modelled using the properties of copper at room temperature (see
Table 2). However, in reality the cavity operates at cryogenic temperatures in order to minimise
the background noise due to Brownian motion. Previous tests have shown that the conductivity of
copper at cryogenic temperatures is approximately 4.5 times the conductivity at room temperature.
The same thickness variations as shown in Table 4 were run, but this time modelling the copper at
cryogenic temperatures. The results of the simulation were that the eigenfrequencies and C values
remained constant for the different thicknesses. The results are summarised in Table 7.
From Table 7 it is clear to see that the Q values at cryogenic temperatures are approximately
double the values at room temperature. This increases F. The ratio of Q values for t = λ/4 to
7
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Table 7: The eigenfrequencies, Q, C and F values for different thicknesses of dielectric ring for
TM030 mode with cavity of fixed radius R=0.044 m.
Thickness Room temperature Q Cryogenic temperature Q Cryogenic temperature F
λ/5
85485
183970
10.16
λ/4
91853
192070
13.20
λ/3
79694
166370
18.64
λ/2
39195
82606
23.16
Table 8: The eigenfrequencies, Q, C and F values for different designs of dielectric ring of height
0.098 m for TM030 -like modes with cavity of fixed radius R=0.044 m and a dielectric ring of
thickness t = λ/2.
Design
Eigenfrequency [GHz]
Q
C
F
2 mm gap at top
7.0716
40271 0.409 10.02
1 mm gap at top and bottom
7.0992
47283 0.418 12.02
t = λ/2 remains the same at both temperatures which shows that our results are unaffected (apart
from an increase in Q) by the conductivity of copper.

5.3

Height variation

The last tolerance test performed was a study into the variation of height of the dielectric ring
within the cylinder. Previous modelling had taken the height of the ring to be that of the cylinder
(0.1m). However in practice the ring will not be able to be exactly this height because it will need
to be secured either by bolts or glue if stationary, or to the tuning mechanism if the split ring
will move apart. This will introduce inhomogeneity in the vertical direction which can produce
unfavourable results as we have already seen. A dielectric ring of height 0.098 m was modelled
in two ways: firstly by keeping the bottom of the dielectric ring in contact with the cylinder and
having a 2 mm gap at the top of the ring, and secondly by having a 1 mm gap at both the top
and bottom of the dielectric ring. The results are shown in Table 8.
By comparing the results in Table 8 to the data in the last row of Table 4 we can see that the
frequency is marginally increased with the addition of gaps, as are the Q values. However the C
values are reduced by up to 11% and the F values are changed by 10%. These results show that
changes in the height and position do not have too much effect but they should be considered.
Further simulations should be run with the exact dimensions to be used once the tuning mechanism
has been designed.

6

Conclusion

It is possible to scan higher frequencies whilst maintaining the same cavity volume by using higher
TM modes. By adding and optimising the position and dimensions of a dielectric ring, the Q and
F values for TM030 modes can be increased. Two good dielectric designs were found: the first
(where t = λ/4) is good for tuning and has Q = 91853, a 457% improvement from using TM010
for a similar frequency in an empty cavity. The second (where t = λ/2) is not useful for tuning
but has a maximal F = 10.99, which is an 988% improvement.
The tuning mechanism most effective was found to be the split ring mechanism. Further studies
into the thickness of the dielectric ring should be conducted in order to find the optimum tuning
ability and F balance. In addition, once the tuning mechanism has been designed, simulations
should be run to model the cavity with the exact height of the dielectric ring.
Our tolerance studies show that the temperature does not affect the results of our design, and
any variations in permittivity of the sapphire ring will have little effect. Further tolerance tests
such as varying the position of the ring in the x-y plane can also be carried out. In addition, tests
can be repeated with different properties for sapphire and copper (in particular it is thought that
the loss tangent of sapphire can be as low as 1E-08) or indeed other dielectric or cavity materials
(such as superconducting cavities) can be explored.
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Simulating a Tunable RF Cavity: Optimization and
Testing
Zaman Tekin
In collaboration with
Ala’ Alalabi

August 2, 2017
Abstract
The ultimate goal was to explore the cavity experiments taking part in the world
of cold dark matter discovery, at the Center for Axion Precision Physics, IBS. This
project utilities the COMSOL [2] computing package to simulate a rectangular cavity
in magnetic field. The simulation explores different and varying aspects of the tunning
mechanism and antenna used in the experiment. Once explored, the data was compared and can be used to optimize both the simulation and cavity experiments in the
laboratory.
Good corroboration between simulation and theory was observed.
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Introduction

This project was undertaken at the Korean Undergraduate Science Program, KUSP, a collaborative summer school designed for international physics undergraduate students in order to
explore dark matter research early on in their science careers. The program was coordinated
by the Center for Axion Precision Physics (CAPP), at the Institute of Basic Science (IBS).
The program was further supervised, run and taught by academics from, and collaborating
with the Korean Advanced Institute of Science and Technology (KAIST).
The project itself mimics the cold dark matter experiments taking place at CAPP, and
utilizes similar methods of simulation on a smaller scale. The cavity experiment itself was
first theorized by Pierre Sikivie [5]. After Sikivie invented the axion halescope in 1983, the
ADMX took up the baton to discover the Axion. Now the individuals at CAPP represents
the front runners globally in Axion detection, with other institutes following elsewhere in
the world.

2

Theoretical Overview

Sikivie’s experiment was designed to utilize the decay channel of the cold dark-matter axion
into two microwave photons. It is important to note here that other decay channels may be
possible, but none that could be theoretically observed in the laboratory.
The experiment exploits the aforementioned decay channel however, due to the nature
of the decay, several other components are necessary in order to be practically observable.
Namely; a strong magnetic field; a cavity that resonates with the same electromagnetic frequency as the decaying photons; and extremely cool temperatures – 3K and below. The
reason behind these extra measures is that the axion interacts very weakly with other particles and fields, even their assumed existence is based upon their proposed interaction with
the weakest of all the fundamental forces, Gravity. Due to these reasons the proposed lifetime of the axion it is set to be 7 × 104 4s [6] which is approximately 17 orders of magnitude
larger than the current age of the universe (within the lambda-CDM concordance model) [3]
. Thus to be experimentally viable we must induce the decay.
The decay itself is expressed in Figure 1. The strong magnetic field enhances the probability of decay in a way similar the the Primakoff effect. This Psudo-Primakoff effect is
the resonant production of neutral pseudoscalar mesons by high-energy photons interacting
with the Axion [6]. It can be viewed as the reverse process of the decay of the meson into
two photons. However, a full derivation of the effect would be needlessly esoteric for the
purposes of this paper. The principle is stated here to explain the use of the high-energy
virtual photon from the magnetic field. This alone is not enough to make the decay viable.
The decay needs to be induced by reducing the density of the final states of the axion’s
decay. The cavity’s resonate frequency is used to favorably decay the axion to the photons provided the cavity is tuned to the frequency of the photons. This then increases the
probability that the decay follows the experimentally preferred channel. A reduction of the
density of final states also occurs via the reduction of temperature. This effectively removes
the higher energy, higher temperature, decays that the axion may favorably decay with in
the presence of the magnetic field. However, this is not the only utility to the lower temper2
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Figure 1: Feynman diagram of axion decay into photons. (Left) Conversion in vacuum.
(Right) Inverse Primakoff effect in a static magnetic field (Bo ) [6].
ature. Indeed, the theoretical optimization methods becomes trivial when considering the
practicalities of recording the data.
Recording the data becomes difficult in the presence of background noise created by the
temperature of the outside world. Low temperatures minimize this noise, however the signal
produced by the photons from the decayed axions is still incredibly weak to be immediately
detected. The recorded signal is integrated over a scanning time for a certain region in the
frequency spectrum. This process is then used to ameliorate the random background noise
and preserve the theoretically sharp decay channel of the axion. Thus the frequency of the
photons can be recorded, from which we can reconstruct the energy and mass of the axion.
In order to appropriately detect and and record the photons we require an appropriate
quality factor for our apparatus. The quality factor affects the resonance and energy losses
of the cavity. Too low and we may be loosing the signal through the cavity walls. Too high
and we may not be able to use our antenna to detect the signal at all. This is then where
this project starts: simulate the cavity in order to optimize signal detection; then compare
with simulation and theory and evaluate the success of the exploration.

3

Simulations

The simulations were created in the COMSOL computing package using the Radio Frequency
and AC/DC Module [2]. The modeling was separated into three main components: the
cavity; the antenna; and the tuning mechanism. The overall aim was to investigate different
aspects of these components to optimize the functionality of the actual cavity. The functional
aspects of the cavity are governed by two properties, the Quality factor of the apparatus and
the eigenfrequency that the cavity resonates at.
The Quality factor (Q-Value) is a dimensionless parameter that describes how underdamped a resonator is, and characterizes a resonator’s bandwidth relative to its center frequency [4]. A Higher Q-Value indicates a lower rate of energy loss relative to the stored
energy of the resonator – the oscillations die out more slowly. In the cavity experiment this
becomes pertinent as we require losses via the antenna to detect the decaying signal, however
if the Q-Value is too low the power signal will be too weak to be detected. This is governed
by the equation,

3
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ρa 2
B QV C
(1)
ma
where P is the power output of the decaying photons; gaγγ the coupling constant for the
psudo-primakoff decay; ρa is the estimated energy density of axions in the Milky Way; ma ,
the mass of the axion (an unknown quantity); B, the magnetic field strength; V , the volume
of the cavity; C, the geometry factor; and Q, the Q-Value [1]. We see that we require a large
Q-Value in order for the output power of the cavity to spike. Yet, too large and no losses
will occur through the antenna may not detect the signal, or it’s frequency at all.
The frequency of the decaying photons is the key to the experiment. Measurements of the
frequency allow us to deconstruction the mass and energy of the (possibly existing) Axion
and so infer the existence of Dark Matter as Axionic. However, only at the correct resonate
frequency of the cavity can the frequency of the photons be detected. As a result, the
cavity must be able to tune to different eigenfrequencies, and hence must contain a tuning
mechanism. The underlying theory behind the mechanism is summarized in the following
equations (for the cuboidal cavity),
r
m
n
l
c
(2)
( )2 + ( )2 + ( )2
flmn = √
2π µr r
w
h
L
2
P ≈ gaγγ

where flmn defines the eigenfrequency of the lmn mode; l, m, n the mode in the x,y,z
direction respectively; w,h,L, the lengths of the cuboidal cavity in the x, y, z directions
respectively; c the speed of light; µr , r the relative permeability and permitivity respectively
[1]. If resonance between the decayed photons takes place the following equation can be used
to derive the mass of the axion,
ma ≈ 6 × 10−6 eV

101 2GeV
flmn

(3)

where the values are derived from the Lagrangian of the Axion field which is governed
by,
L = −gaγγ a(t)E(t) · B

(4)

where L represents the Lagrangian of the Axion system; a(t) the time defendant axion
field; E(t) the time varying electric field associated with photon; and B the external magnetic
field vector [1].

3.1

Cavity

Research pertaining to the cavity was undertaken, but was only elementary. The standardized used of the cuboidal cavity of a certain dimensions – 23 × 25 × 138(mm) – made this
point of the simulation a forgone conclusion. However, in completing these simulations it became possible to qualitatively show that the theory of losses and electromagnetic resonance
worked correctly in the simulations. here it is important to note that the cavity used in the
preceeding part of the project is labeled as simply ”Cuboidal Cavity” in Figure 2 & 3.

4
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(b) Cylindrical Cavity

(c) Spherical Cavity

(d) Cuboidal Cavity
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Figure 2: A rainbow plot showing the first harmonic eigenfrequency of electromagnetic
radiation in several cavities: red high amplitude, blue low amplitude. The electric (red) and
magnetic (white) fields are also shown [2].

(a) Square-based Cuboidal Cavity

(b) Cylindrical Cavity

(c) Spherical Cavity

(d) Cuboidal Cavity

Figure 3: A black (low intensity), yellow and white (high intensity) plot showing surfaces
loses on several cavities. Blue arrows denote surface currents on the cavities [2].
5
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Figure 2 shows the fundamental eigenfrequency present in several cavities. This modeling
serves a demonstration that the metal cavity resonates at frequency pertaining to the cavities
dimensions. Similarly, Figure 3 demonstrates the losses and surfaces currents present on the
same cavities, thus demonstrating the radiative losses of the cavity and the effect of the
Q-Value. As a matter for reference Table 1, enumerates the Q-Value and fundamental
eigenfrequencies of the cavities in Figure 2 & Figure 3.
Table 1: Tabulation of the Eigenfrequencies and Q-Values of the cavities in Figure 1 & 2
Cavity Type
Eigenfrequency (GHz) Q-Value
Square Based Cuboidal
9.2726
7769.5
Cylindrical
9.4108
8065.3
Spherical
9.7562
14594
Cuboidal
6.0934
9880.0

3.2

Antenna

The simulation of the antenna is based on the principle of impedance. If the antenna has
a sufficient characteristic impedance, the resonating signal in the cavity can be detected by
the antenna. This is described by a reduction of the Q-Value of the overall system. However,
once again if the Q-Value is reduced significantly, this could indicate losses though the walls
of the cavity given the new geometry introduced by the antenna.
The antenna, took the form of a coaxial cable. If a variable voltage is applied, it will
send an electrical wave up an antenna. Free electrons in the antenna act as the media for
propagating the wave. The situation is similar to longitudinal sound waves propagated in a
metal rod. The sound wave is carried by alternating regions of tension and compression. In
the compressed areas the rod’s molecules are pushed a little closer together. In the tension
areas they are pulled a little further apart. Although the molecules barely move, the sound
wave can be transmitted great distances [4].
The very slight motion of electrons up and down an antenna is enough to cause electromagnetic waves to radiate out the sides of the antenna at the same frequency as the variable
voltage applied to it. Here, the variable voltage takes the form of the resonating cavity.
These types of antenna are used for transmitting radio and television signals as well as other
forms of wireless communication, since the electrical signals can be picked up and converted.
If the length of the antenna is wisely chosen it’s possible to make it resonate. The free end
of an antenna acts like an open circuit. Voltage drop is maximum across an open circuit
and zero across a short circuit. Hence the end of an antenna forms an anti-node or area of
maximum voltage or e-field strength [4].
The coaxial cable antenna has several determining factor for optimal performance, which
are each investigated by the Q-value value: the positioning of the antenna in the cavity along
the longest shaft; the antenna’s central protrusion length into the cavity; and, the central
coaxial conductor’s shape when in the cavity. The determining factor for optimization is
approximately a Q-Value of half the value of the empty cavity; for reference, the cavity under
6
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investigation is the Cuboidal cavity, and so Q-Value is given in Table 1. It is also important
to note here that since the coaxial cable has been standardized for the experiments at CAPP
the dimensions, impedance, dielectric, and conductor were preset and are summarized in
Table 2.
Table 2: Tabulation of coaxial cable antenna properties
Property
Value
Inner Conductor Radius (mm)
1.15
Outer Conducting Radius (mm)
0.35
Characteristic Impedance (Ω)
50
Outer Conducting Material
Stainless Steel SU304
Inner Conducting Material
Silver plated beryllium
Dielectric Material
Teflon

The Q-Value data along the longest axis of the cavity was shown to be symmetric about
the central point. This is why detailed analysis of only half the cavity (with slight tolerance
above) was taken to detail the different Q-Values. Figure 4 shows how the Q-Value changes
as the antenna is placed at different points along the length of the longest side of the cavity.
A minima was found at the central point of the cavity and with a maximum value at it’s edge.
This is in accordance to what we would expect for the first fundamental harmonic given that
(4) shows that the maximization at the greatest value of the electric field. This will occur
at the central point for the fundamental harmonic of the resonating electromagnetic field.

Figure 4: A Plot shows the falling Q-Value as the antenna is placed closer to the central
point along the longest length of the Cavity.
When comparing the data for eigenfrequencies versus Q-value, we find a similar relationship to Q-Value – see Figure 5. We also find that the eigenfrequency of the cavity increases
at the antenna is moved to the central point of the cavity. This suggests a deeply connected
7
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relationship between eigenfrequency and Antenna position along this axis of the cavity. This
is also implied through equations (2) & (1).

Figure 5: A Plot shows the falling Q-Value with an increasing fundamental eigenfrequency
of the cavity.
The protrusion length also varies the Q-Value and resonant eigenfrequencies; Figure 6 &
7 shows this. These plots suggest that the protrusion length and value for the eigenfrequency
of the cavity is closely related. The plots show several interesting results: a maxima in the
Q-value when the protrusion is 89% of the height of the cavity; a minima when 43%; and a
plateau in value of the Q-value after 40% protrusion.
An investigation was also undertaken into a circular central protrusion into the cavity.
Figure 7, shows the difference in the schematics of the simulation. Differences were detected
in the q-value but something of significance. Further investigation is necessary to detect
significant differences.

3.3

Tuning Mechanism

The tuning mechanism is constructed from two sapphire plates within the cavity whose
length spans most of the longest side of the wall, and a mechanism (made also of sapphire)
that is able to increase and decrease the gap between the two plates. Sapphire is used due
to it’s properties as a good conductor and so has limited losses in energy, to the mechanism.
Theoretically, the mechanism tunes the cavity to certain eigenfrequencies by exploiting
equation (2). The plates effectively act as movable walls to the cavity. We would expect
then that when we reduced the gap between the plates and the wall we decrease the eigenfrequency; and visa versa. It is important to note here that the gap between the walls and
the cavity is not the gap between the plates; which is the numerical value that would be
used in (2).
Figures 9 & 10 show the results of the simulations of the tuning mechanism within the
cavity. As we might expect the increasing the gap between the walls and the sapphire
8
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Figure 6: Plot showing the Q-Value as a function of the protrusion length of the inner
conducting metal of the coaxial cable.

Figure 7: Plot showing the Q-Value as a function of the differing eigenfrequencies produced
due to the changing protrusion length of the inner cable of the coaxial antenna.

9
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(b) Circular Antenna Coaxial Antenna

Figure 8: Schematic showing the different antenna’s investigated. Plot (a) was placed in the
center of the longest length of the cavity, while (b) was placed in the central point of the
smallest face of the cavity [2].

Figure 9: A plot showing the Q-Value as a function of the gap between the walls of the
cavity and the sapphire plates.
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Figure 10: A plot showing the Q-Value as a function of the differing eigenfrequencies produced due to the changing gap between the sapphire plates and the walls of the cavity.
plates increases the Q-Value and decrease the eigenfrequency as would be expects from the
theoretical interpretation above.

4

Conclusions

Ultimately, the investigation has shown great corroboration with the theoretical interpretation of the physics.
Positioning the antenna centrally along the largest length of the cavity greatly decreased
the Q-Value. Similarly the Eigenfrequency with the highest value was observed to be there.
Changes in the protrusion of the central coaxial cable showed great variation in the resulting
Q-Value. This would become useful in fine-tuning an appropriate Q-Value for the mechanism
should this be practically replicated.
The Tuning mechanism both increased quality factor and decreased eigenfrequency with
increasing gap between plate and wall. This was also theoretically expected. Twinning this
with the information gained from the protrusion of the antenna would become useful in fine
tuning the Q-Value to a set value whilst still being able to sweep through eigenfrequencies.
It is important to note that further simulation is necessary to investigate other antennas
and the completed the tuning mechanism, but also to bring all aspects of the the simulation
together. A suggestion towards further work would be to compare this to a real-world cavity
and investigate the difference in observed values.
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Abstract
This study attempts to improve the Q-factor of the superconducting cavity and also
to study the properties of Niobium Titanium(NbTi)., According to the contact losses
in TM010 mode, so TE011 mode will be used in this study. However, TE011 mode has
a degenerate mode: TM111 and to separate these modes, the frustum-like design
cavity will be used instead of the cylinder cavity.
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Introduction
1.1 Due to the high form factor, TM010 mode is used in the cryogenic Axion search
experiment but in this mode, there will be the magnetic field leaking into the seam
between the cap and the tube. To measure the properties of the Niobium Titanium
more precisely, TE011 must be used instead of TM010. However, there is a
degenerate mode to TE011 mode, being TM111 mode, so the frustum design cavity
will be used in this study in order to separate TE011 mode from TM111 mode and
also to increase the Q-factor.

Figure 1: various TM and TE mode in cylinder cavity

Figure 2: Cross Sectional View of the frustum design cavity cap

Figure 3: TE011 mode in optimized cavity

Figure 4: TM010 mode in optimized cavity
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Determine the highest Q-factor in the frustum cavity
We have used COMSOL to stimulate the cavity in TE011 mode to determine the inside
pitch length and the height of elevation of cap that will give the highest Q-factor as
possible.
Table 1 Q-factor at 1.10 cm height of elevation
of cap and varied inside pitch length

L [cm]
3.85
3.30
2.75
2.20
2.10
1.65
1.10

TE011 mode
frequency
[GHz]
4.3349
4.339
4.3452
4.3527
4.3541
4.3602
4.3669

Table 2 Q-factor at 2.20 cm inside pitch length
and varied height of elevation of cap

Q-factor

H [cm]

65409
73831
97860
98003
59957
59898
59723

0.55
1.10
1.11
1.20
1.65

TE011 mode
frequency
[GHz]
4.3408
4.3527
4.353
4.3554
4.3699

Q-factor
97351
98003
59978
60219
61150

From Table 1 and Table 2, the Q-factor is optimized at 2.20 cm inside pitch length and
1.10 cm height of elevation of cap. However, the Q-factor drop dramatically when the
H >1.10 cm and L < 2.20 mm, so this height and length is not recommended.

Figure 5: H (cm) vs L (mm) vs Q-factor

(a)

(b)

Figure 6: (a) ∆ν vs. H for the NbTi cavity, (b) ∆ν vs. L for the NbTi cavity
According to Figure 5,6 the inside pitch length is recommended to be 24.00 mm and
the height of elevation of cap is recommended to be 10.00 cm and the degenerate
modes of TE011 and TM111 will be separated at ~120 MHz.
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Niobium Titanium properties
The exact properties of Niobium Titanium at these cryogenic temperatures (∼ 1 K), are not
entirely known. In this study focus on the electrical conductivity of the Niobium Titanium,
the Q-factor was measured after altering σNbTi/σCu.

(a)

(b)
Figure 7: (a) Q-Factor vs. σNbTi/σCu for the TE011 mode for a NbTi connecting tube only,
and (b) Q-Factor vs. σNbTi/σCu for the TE011 mode for an all NbTi cavity.
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Conclusion
COMSOL simulations showed that L = 24.00mm and H = 10.00mm gave the highest,
most stable Q-factor of 97586, and ∼120 MHz separation between TE011 and TM111
and their degenerate modes. After ordering the cavity with the specified dimensions
and tolerances, simple interpolation onto Figure 7 will provide σNbTi.
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Report: The Realisation of a Rectangular Cavity Tuning
Mechanism
Student: Alexandra Tindall, Mentor: Lino Miceli
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Abstract
A tuning mechanism for a rectangular cavity was successfully assembled and operated. The
mechanism essentially consists in two thin sapphire plates, placed inside a rectangular resonator,
parallel to two opposite long sides of the cavity. By moving towards or away from each other,
they cause the cavity resonant frequencies to decrease of increase respectively. This work is
complimentary to two other KUSP projects in which the tuning mechanism and the cavity
response are simulated using the Comsol Multiphisics software package. The overall work is
in support of the CAST-CAPP project at CERN, in which tunable rectangular cavities are
inserted inside the CAST (CERN Axion Solar Telescope) dipole magnet in search for dark
matter axions.

Introduction
Tunable rectangular cavities can be used in a dipole magnet in the axion search. The mechanism
consisted of 56 parts and 31 gluing joints.
The challenge of the construction was to keep RF losses low. Losses are caused by glue and
dirt. In order to keep losses low parts must be kept clean and the gluing must be as precise as
possible.

Theory
Axion search, the need for cavity tuning Axions decay into two photons naturally but
the probability of this decay is very low. In the presence of a magnetic field the axion decays
into one photon with a higher probability. The magnetic field is essentially a continuous supply
of virtual photons.
To detect an axion decay cavities are used, if an axion was to decay in a cavity whose resonant
frequency corresponds to its energy then the cavity would resonate. The problem is that the
mass of the axion is unknown. In order to detect the axion tunable cavities are required so that
a range of frequencies can be scanned.

Figure 1: Axion decay and Axion decay induced by a magnetic field

1
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Tuning mechanism theory The tuning mechanism is built of two sapphire plates and their
supports (shown below). Sapphire is chosen because it has low RF losses. The plates are able
to move closer and farther away from each other by rotating around the shafts.

Figure 2: Tuning mechanism design
The fundamental frequency of a rectangular cavity is given in (1). The mechanism changes the
fundamental frequency of the cavity by changing the effective width (w) of the cavity.
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Building the mechanism
Gluing The parts needed for one mechanism are listed in Figure 3.

Figure 3: Required parts
The initial gluing is for junctions that are required to not move with respect to each other. This
is mainly the gluing of hemispheres, round vees and long vees to larger parts. There are two
types of glue used for this. For gluing sapphire to sapphire a glue called EPO-TEK OE188 is
used. For gluing metal to sapphire a glue called LOCTITE Hysol 1C is used.
Each glue is composed of two parts which are combined in specified ratios, 20:1 for EPO-TEK
OE188 and 100:44 for LOCTITE Hysol 1C. The parts were measured on a high precision scale
2
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and combined by smearing on a slide with a toothpick.
To glue two parts firstly the bigger part would be placed under a microscope and aligned so
that the centre of the gluing area is in the crosshairs on the screen. The larger object is held
in place while the glue and smaller part is placed so that the crosshairs can be used as a
guide for placement. The Vees could be placed with tweezers and adjusted with toothpicks
however the hemispheres are too small to pick up and place with tweezers so a new method was
developed where the hemisphere was placed on the larger object then pushed into place with
a 3D translation stage. This technique allowed very precise placement as the device was more
stable than a hand held toothpick.

Figure 4: Gluing a hemisphere onto a sapphire flex plate
Once a piece was in the correct location a heat gun was directed at the glued parts for 20
minutes at 200 degrees. The purpose of this was to harden the glue enough such that the part
could make the trip to the oven without moving.
The sapphire on metal glue, LOCTITE Hysol 1C, was much more difficult to use because it
hardened within minutes. This meant that quick work was required and more care needed to
ensure that the vees were lying flat on the metal surface.
The glued parts needed to be cured in the oven. The oven is evacuates the air from inside then
heats the parts. The vacuum simply reduces the risk of contaminants in the air sticking to the
surface of the parts. Once cured this way the parts are ready to construct.
Preparing parts for construction Once all the needed parts were glued it was important
that every part was cleaned. This is because any dirt or oil from handling will create losses in
the cavity. The parts of the mechanism are cleaned with alcohol and excess glue is removed via
scraping or with acetone.
The cavity and mounting piece is cleaned in an ultrasonic bath. It is placed in two different
detergent solutions, heated and cleaned with ultrasound for half an hour. After this the bath is
filled again but just with distilled water and is cleaned with ultrasound at room temperature.
Construction The mechanism is constructed within a mounting piece. The mounting piece
is essentially a cavity but with some walls missing to allow the user to move the parts inside.
This setup presented a difficulty as the mounting piece only allowed awkward, limited access to
the mechanism inside. For ease of construction only one half of the mounting piece was used.
There were some plastic mounting pieces specially made for the construction but it became
immediately obvious that the piece designed to hold the large sapphire plates would not work
because it did not hold the plates perpendicular to the cavity nor at the correct distance from
each other.

3
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The first step in construction was to enlarge the hole in the flex plate and in the ruby ring. For
this we had a conical diamond grinder to wear down the sapphire. Then the flex plate and ring
slid onto the shaft. Only four rings were used in the construction (one per flex plate) instead
of the 8 shown on the initial design.
The next step was to place the shafts into the mounting piece. It was found that the shafts were
slightly too short and as a result they fell out of the half mounting piece easily. As a temporary
fix small pieces of plastic were screwed into place over the shafts preventing them from falling
out.
After this the sapphire plates needed to be put into place. The mounting piece is orientated
such that the shafts are vertical. To put the plates in place one must marry the hemispheres of
the flex plates and vees at the bottom of the sapphire plate and then drop the upper flex plate
into place. Care must be taken as the flex plates at their current thickness of 400 microns snap
easily, in the original design they were only 200 microns thick.
The second difficulty of inserting the large sapphire plates was keeping the upper flexplates
out of the way until they needed to be lowered. Firstly loops of wire were tried as a way of
suspending the flex plates from the top of the mounting piece until they were needed. However
this was a risky set up as very often the flex plate would fall down the gap and it was not
possible to push it up again. To solve this, a styrophone sleeve was made that wrapped around
the shaft that was able to keep the flex plate suspended and raised or lowered as needed. With
this new technique all the vees and hemispheres were successfully put together. To hold them
in place a metal spacer was used that applied pressure on the top and bottom flex plate so that
the large sapphire plate wouldnt fall out.
At this point the flex plates and ruby rings are in the correct position and need to be glued to
the shaft. The first glue tried turned out to be unsuitable, it melted under heat and solidified
when cool. The difficulty was that when melting one side of the shaft the other side would come
undone. The glue was switched out for strong, instantly drying glue.
The last step in assembly was to put together the locomotive part, this didnt need glue only
sapphire pins. Then the locomotive wheel was glued to the shaft. In this construction the
backlash spring was omitted due to difficulties attaching it.
Finally, the constructed mechanism was transferred to a cavity and the tee was attached to
a piezo actuator which moves the locomotive tee (and by extension the entire mechanism)
nanometres at a time.

Figure 5: Computer mock up of tuning mechanism

4
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Figure 6: The completed tuning mechanism in the mounting piece

Figure 7: Mechanism being inserted into cavity

Measured frequency range
The fully assembled mechanism was transferred and tested at room tempreature with a real
cavity. The dimensions of the cavity were w = 25mm, h = 23mm, L = 138mm. The cavity
frequencies were readout with couplers sensitive to the electric field. The cavity was firstly
tested without the tuning mechanism then the mechanism was inserted and the tuning range
was investigated. The tuning range was scanned using a piezo-actuator which had nanometer
precision.

Figure 8: Spectrum of frequencies for two different plate positions
The frequency spectrum on the right is taken when the plates are in the middle position ie.
with their plates as close to the cavity wall as can be. In the spectrum on the right the plates
5
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are as close as they can get. The fundamental frequencies are measured to be 5.52GHz and
5.13GHz respectively giving a range of 384MHz. This is only half of the total tuning range.
Conclusions The tuning mechanism was successfully assembled and when tested it behaved
as expected.
Improvements could be made to speed up the assembly process. For example the mounting
piece for the mechanism presented the a difficulty in this project. An alternative mounting
device could be created to allow greater access to the mechanism.
The final goal for this project is to construct four tuning mechanisms for cavities 390mm in
length. For this, the strength of the flex plates could be increased for greater ease of assembly
and for structural integrity of the mechanism.
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[1] https : //www.researchgate.net/f igure/285270784f ig1F igure − 11 − T he − axion − decay −
to − photons − axion − photon − coupling − a − and − the − axion − to

6

Jessica Yen Nhi Tran, Design and Construction of Multi-Wire . . .

Design and Construction of Multi-Wire Proportional
Chamber
Jessica Tran
Tulane University

Supervisor: Dr.Hiroaki Natori
CAPP IBS/KAIST

Abstract
A multi-wire proportional chamber (MWPC) was designed and constructed
to determine the trajectory of the particles from cosmic rays. The overall
low-cost construction of the MWPC served as a challenge to look into all
aspects of its design and construction and as an example of how particle detectors work. We used Garfield to run simulations to determine the optimal
gap length between wires for an optimized electron gas gain. We created a
PCB design that would amplify the signals caused by electron drift around
the wires.
Keywords: MWPC, particle detector
1. Introduction
In 1992 Georges Charpak won the Nobel prize for his invention and
development of the MWPC. Since then the construction of the MWPC has
been nearly perfected to become a standard solution for particle detection.
The general purpose of the MWPC is to track the trajectory of charged
particles and to identify the particle by measurement of energy loss [1].
The construction of the MWPC is centered around a plane of parallel
wires that act as the anodes between two cathode plates, which create the
gas chamber (Figure 1).
As the electric field strength increases, a Townsend avalanche begins
with primary electrons accelerating to reach kinetic energies to ionize the
gas mixture. The number of electrons increases exponentially as electrons
continue to drift towards the wires. This drift produces an electric signal
that is proportional to the number of electrons being collected [2].
Preprint submitted to Elsevier

August 2, 2017

187

Jessica Yen Nhi Tran, Design and Construction of Multi-Wire . . .

Figure 1: Cross section of chamber with anode wires perpendicular to plane of the image
[1]

2. Chamber Design
2.1. Design Specifications
Detector Size
Active Area
Gas Mixture
Upper Gap
Lower Gap
Cathode Plate
Spacer
Anode Wire Plate
No. of Wires
Wire Spacing
Wire Tension
High Voltage

21.2 cm x 11.1 cm x 0.64 cm
4.13 cm x 7.43 cm
70% Ar, 30% CO2
1.6 mm
1.6 mm
13.6 cm x 1.11 cm
10.9 cm x 1.11 cm x 0.16 cm
21.2 cm x 10.9 cm x 0.16 cm
4
8.89 mm
50 g
1.55 kV

A mixture of noble and molecular gas (Ar and CO2 ) was used to ensure
stable avalanche formation. Gold-plated tungsten wires with 20-30 µm in
diameter was used to produce a high electric field close to the surface while
copper plates are used as the cathodes. Other materials include but are not
limited to the PCB with copper layer, copper plates, and silicone glue as
the sealant.
A simulation was performed in Garfield to determine the optimal wire
gap length for a saturated gas gain. It was seen that the saturation level
was 104 , and the range of optimal wire gap length was determined to be 0.6
- 1 cm (Figure 2). The wire gap length was approximately 8.89 mm.

2
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Figure 2: Simulation of optimizing wire gap length for saturated gas gain of 104

2.2. Wire Chamber Design
After the anode and cathode plates were cut, wire-soldering technique
was used to maintain the wire tension of 50 grams before soldering the wire
onto the anode plate. The wire was wrapped around a copper plate and
attached to a hanging 50 gram mass. After the wire was soldered onto the
plate, it was then transferred to the anode wire plate to be cut and soldered
onto the anode plate (Figure 3). A spacer was placed in between the anode
and cathode plates to create a 1.6 mm gap. It was made sure that the spacer
would not cover the electric components or wire soldering (Figure 4).

3
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Figure 3: Gold-plated tungsten wires being soldered to copper PCB anode plate

Figure 4: Spacer allows for the anode and cathode plates to become separated

Two holes were drilled on top of the cathode plate for gas-in and gas-out
tubing. Silicone glue worked as the sealant for the chamber to prevent gas
leakage.
3. Electronic Design
The internal composition of the chamber is more complex than external.
The PCB for the anode wire plane was constructed using DesignSpark. Because of the high voltage source, a low pass filter was needed to decrease the
high frequency noise. Another important aspect to consider was how the
oscilloscope could only read a voltage signal. The wire signal only conveyed
current. Thus, an integrator and amplifier were used to convert current into
voltage.
Because the integration time ranged from 100 ns to a few microseconds,
the following circuit components were determined and used.

4
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Component
Capacitor (1000pF )
Capacitor (1 pF)
Resistor (0.1 MΩ)
Resistor (0.82 MΩ
ADA4817-1ARDZ Amplifier

Quantity
4
4
4
4
4

The Bethe-Bloch formula was also used to determine the necessary capacitors and resistors [3]. The average rate of energy loss over distance for
charged particles is calculated by this formula. One charged particle produces 30 ionized electron-ion pairs [2]. Because the Townsend avalanche
would amplify the signal by 104 , the signal size would be small. Thus, 1 pF
capacitors and MΩ were used to amplify the signal. The expected signal
would be approximately 50 mV.
3.1. PCB Schematic and Etching

Figure 5: From left to right, PCB schematic design includes the low pass filter, amplifier,
and integrator

As the high frequency noise was reduced by the low pass filter, the signal
was amplified with the amplifier and integrator system as seen on the right of
the schematic (Figure 5). After the design was finalized, it was transferred
onto the copper plate via high heat and pressure.Following the etching,
circuit components were soldered onto the PCB.
5
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Figure 6: PCB copper plate before submersion into etching fluid

Figure 7: PCB after etching fluid

4. Results and Discussion
The objective in designing and constructing a MWPC was met. However,
we were unable to detect any particles due to mechanical problems.
The presence of dust in the chamber created a connection between the
cathode plates and wires. To solve this problem, the anode wire plate should
be placed in a gas-tight container that could be opened. The amplifiers
could have been damaged due to high voltage. For surge protection, diodes
are needed to protect the amplifier. The internal resistance of the battery
increased with time, which caused low voltage supply. A regulator could be
used to maintain a constant voltage supply.

6
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Figure 8: This set-up is the final step. Both MWPCs are connected to the gas line and
high voltage supply

5. Conclusion
The experiment have not produced expected results to detect cosmic particles. Nevertheless, the process of designing and constructing the MWPC
proved itself to be an enriching challenge and success in itself even with one’s
limited knowledge on circuits and particle detectors.
6. References
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Systematic Error Studies Fitting Simulated Muon g-2 Data:
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Abstract
The purpose of our experimental analysis was to umderstand the systematic error of the (g-2) Fermilab experiment, which measures the muon’s anomalous magnetic moment, by fitting simulated
data. The main instruments used were ROOT and C++ programming. After fitting and successfully running codes, we analyzed the validity of the outputs through Gaussian distributions. We fit
and corrected the electric field for the spin precession, as well as the coherent betatron oscillation
for determining how frequency would effect the modulation of muons.

1

Introduction

Dark matter is a cornerstone in the structuring of our universe. In fact, it makes up the majority of
it. However, despite its abundance, we have no idea what it’s made of. The muon is an elementary
particle and has a charge of -1, similar to the electron, but contains more mass than an electron.
It has a lifetime of 2.2 microseconds and is highly polarized. Fermilab’s g-2 experiment is working
to measure its anomalous magnetic moment. In our study, we are attempting to fit simulated data
to further comprehend the systematic error of the Fermilab g-2 experiment through the use of the
data analysis tool of ROOT. The equation for muon magic moment is as follows:

Figure 1: gµ = 2, and the spin is 0.5, while the charge is equal to that of an electron.
From that, we derive the anomalous magic moment with:

The testing and measurement of aµ is the objective of our experimentation, as to test the validity of the Standard Model, we must compare and contrast the theoretical and actual values of aµ .
Often, in (g-2) experiments, the muon momentum is fixed at Pµ = 3.094 GeV/(c), since that is
the magic momentum, or the momentum at which the muon spin precession is unaffected by the
focusing electric field.

2

First Steps

The first step in this process involves a program developed to fit an EDM case, but which may
be incorrectly fitted to the functional form of g-2. Many things are altered, including the global
variables and number of points. Eventually, we determine the variables to be as follows:
• 5000 data points
• 5000 error points
1
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• Time is 750 microseconds
• Asymmetry is 0.35 *
• Step size is 150.e-9
• Number of particles is 1.e-7 *
• Phase is 0.3 radians *
• Gamma (γ) is 29.3, which implies a lifetime ( τ ) of 64.38 ms. *
* implies that this parameter is one of the five necessary parameters to calculate this error.
However, the first time this program was run, its output looked like:

Eventually, after fixing the error (time was previously programmed to remain zero), the graph
came out to look like this:

3

Calculating and Observing Error

After obtaining this table, we moved on to calculating the error for the five parameters: number
of particles (N), lifetime (τ ), asymmetry (A), frequency (w ), and phase (ϕ).

2
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We used these equations to calculate the statistical error:

The results were:
N = 1.03 ∗ 101
τ = 2.07 ∗ 10

(1)

−11

(2)

−6

(3)

A = 1.07 ∗ 10

w = 1.995 ∗ 10−2
ϕ = 4.38 ∗ 10

−5

(4)
(5)

We then ran and edited the program until the error of the code matched the predicted errors.

4

Measuring the Frequencies of the Momentum

After fitting the error, we were tasked with creating a histogram to show the frequency of the
momentum of the data. It was to be a Gaussian distribution.

Figure 2: This graph shows how the momentum is distributed; the majority of values within the
range of the first sigma(s), encompassing 68.2 percent of the data. The highest point, though,
actually lies on the magic momentum, of Pµ = 3.094 GeV/(c), where momentum no longer affects
muon spin precession.

5

Checking the Error

To confirm whether our errors and values were plausible, we decided to graph our values as a histogram. First, we edited the code to output appropriate values suitable for a histogram. Then, we
ran the code 100 times and recorded the data for all five parameters. We determined the average,
maximum, and minimum values for each section, and established the one-sigma error.

Eventually, through calculation, we were able to procure a diagram for the frequency:

3
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Electric Field Correction

Electric field correction is what we are now aiming towards. While spin precession of muons is
unaffected by the electric field, it is still necessary to correct it, as high or low momentum muons
may deviate from the magic momentum as well as be subject to linearly rising fields. That reduces
their (g-2) frequency.
We use this equation for the electric field:

We determined that the electric field correction to the precession frequency for the low-n subperiod is (+0.47 ± 0.05) ppm.
We then ran the program 50 times in order to collect the frequency information and log it in a
histogram, to determine whether the values were within a valid range:

7

Coherent Betatron Oscillation

The coherent betatron oscillation frequency is the frequency at which, beam being examined at a
particular location, the width and centroid oscillate.
4
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The general form used here is:

Figure 3: This form contains all possible physical disturbances, and has Eth as an energy threshold.
along with:

Figure 4: Though these equations have little to no effect on the frequency, they are necessary for
the chi-squared.
While the normalization, phase, and asymmetry’s modulations are more easily predicted during
the beam’s time oscillating radially, the equations in Figure 4 are more difficult, and must be fit.
Eventually, the functional form was fit into our (g-2) C++ code to generate:

Figure 5: The frequency tends to vary, but very little, displaying the stability of the fit. The
chi-squared value is also poor.
Once the numbers begin to match those of the (g − 2 ) frequency, a correction will be done.

8

CBO Correction

Lastly, we performed a CBO correction after fitting the function. The three parameters we gave
the same envelop to were:
• N0: the Number of Acceptance
• A: Asymmetry
5
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• (g − 2 ) phase
We edited the frequency of the program in order to find the exponential envelop for it, and
observe the range of error that is produced, if it is detectable.

We used this equation in correlation with the three parameter equations posted above:

The modification allowed chi-squared to return a more sustainable value. Using this form as
well as a one percent positive and negative phase, we edited the output equation to produce two
frequencies instead of just one. That way the modulation was more apparent.

Figure 6: This chart makes it apparent that only (g − 2 ) correlates strongly with wa .

9

Conclusion

Dark matter is one of the biggest unsolved problems of our universe. CERN and IBS are attempting
to solve that through experimentation. One such example is through the Fermilab (g-2) experiment
measuring the muon’s anomalous magnetic moment. For our experiment in KUSP, we fitted and
analyzed simulated data. Through some trial and error, we were able to achieve moderate success
data-wise, but our understanding of the experiment and its components widened generously. In
the future, we may be able to understand muons in their full, and thus determine more clearly
what exactly dark matter is made of.
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Through our project, we aimed to advance and develop the software framework for the g-2/EDM experiment
at J-PARC in Japan. Before getting started on the actual technical development of the project, however, we
spent a significant amount of time advancing our understanding of the basics of software development. We
started by brushing up on some of the key syntax of Python and C++, learned how to use data analysis
frameworks such as ROOT and ROOFIT, and then moved on to understanding parts of the actual preestablished code and data from J-PARC. After learning Geant4, we successfully wrote the detector response
from simulated positrons passing through the detectors of the g-2 experiment into a ROOT file to be used
for analysis purposes.
The J-PARC muon facility in Japan is aiming
to test a new method of measuring the muons
anomalous magnetic moment and its electric
dipole moment. By having the muons orbit the
storage ring, and using its spin precession, the experiment aims to track the decay e+ and collect
the number of higher energy e+ over time with
detectors on the inside of the muon storage. JPARC aims to achieve a sensitivity as low as 0.1
parts per million.

I.

THEORETICAL BACKGROUND

1.

Experimental Procedures

In the J-PARC g-2/EDM experiments, the data for the
g-2 and the muon EDM will be able to be collected simultaneously but tracked using two different methods.
The g-2 of muons will be tracked in the following way:
+ particles would be stored in an MRI-solenoid magnet
and the experiment would measure polarized + decays
to positrons. As the muon spin direction aligned with
its motion in the storage ring, higher energy e+ particles
would be emitted. As muons orbit the magnetic storage
ring, the discrepancy in the magnetic moments of the two
magnetic bodies create a spin precession that fluctuates
forward and backwards, that in turn results in the number of high energy e+ oscillating. The difference g-2 is
created from the precession created from the advance of
the muon spin precession compared tot he muon momentum in a magnetic field.
The experiment utilizes detectors placed on the insides
of the muon storage orbit to track the decay e+. As the
muon spin precess in the magnetic field, the number of
higher energy e+ versus time in store will be tracked.

The EDM will share the same + decays with the g-2
measurements, and is in fact able to take place simultaneously. The spin precession will be broken down as a
vector with one component parallel to the magnetic field,
and the other perpendicular to both the momentum vector and the magnetic field.

2.

The Uniqueness of the J-PARC experiments

The J-PARC muon experiments are unique.
Four main points highlight the uniqueness of their experiments.
1. J-PARC created a condition under which a very
small magnetic focusing field could be used. This
was achieved by using ultra-cold muons from muonium. This helped to create a magnetic field that
was about a hundred times more uniform than was
the norm.
2. J-PARCs experiments took place under a completely different geometry, which meant that they
could strive to achieve a preciseness that had never
been constructed before. In BNL, the muon beams
had to cross a septum to reach the storage region, with off-center storage in the phase space.
J-PARCs experiments were created so that vertical injection was possible. This leads to complete
efficiency and also a centering in the phase space.
3. BNLs experiments involved calorimeters in order
to observe the positrons that were released as a
result of muon decay. However, the J-PARC experiments utilize tracking inside the storage ring
solenoid. Also, they were able to track traceback
for every decay positron and complete acceptance
aside from the ones with the highest energy decays.
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4. Many spin experiments before J-PARC were unable
to utilize the spin-flip technique because the beam
muon spins could not be reversed effectively. JPARC, by using a muonium stage and a low energy
muon beam, were able to reverse the beam muon
spins on nearly a pulse-by-pulse basis.
J-PARC used an energy that was an order of magnitude
of lower than the previous experiments, and a storage
ring that had a diameter that was an order of magnitude
smaller. Previous experiments had used muons with the
energy state of 3.1 GeV/c, and a storage ring with a
diameter of 14 meters, but J-PARC developed a source of
ultra-slow muons followed by acceleration, which meant
that they required only weak focusing to maintain the
beam size in a storage ring. This gave leeway for the
muon energies of the experiments, and it was able to be
lowered to a momentum of 300 MeV/c.
3.

Muon Spin Precession

With an electric and magnetic field act on it, precession
of a muon’s spin can be described as follows:
ω
~ = ω~a + ω~n

(1)

~ ~
~
e
~ − (aµ − 1 β × E + η (β~ × B
~+E
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2
m
γ −1 c
2
c
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from the actual experiment in comparison to data collected from computer simulations. Rather than parsing
together software from different experiments, J-PARC
considered it one of their goals to create a sophisticated
software framework specific for their task. Our team
was invited to collaborate on this project with the JPARC experiment, in attempting to set the basic groundwork for the software, and experimenting with the toolkit
Geant4 to simulate detectors, muon and positron trajectories through them, muon decays, and the detector responses.

1.

ROOT and RooFit

While waiting for the basic software framework to arrive
from J-PARC, we practiced using ROOT and RooFit to
plot relevant graphs. We started with the five parameter
function N(t) describing the change in decay e+ counts
per T over time:
N (t) = N0 e−t/(ητ ) (1 + Acos[ωa t + φ])

(5)

=
−

This equation can be divided into two precession vectors
ω~a and ω~η which are perpendicular to each other. Observing just ω~a is the equation:

ω
~a =

~ ~
−e
~ − (aµ − 1 ) β ∧ E ]
[aµ B
2
mµ
γ −1
c

(3)

in which N0 is the number of muons at t = 0, A is the
amplitude and is the phase difference. It being a cosine function implies a regular oscillation in the vertical
direction, and this was placed to introduce the precession in the anomalous magnetic moment. Using RooFit,
a modular scientific software framework, and plugging
in predicted values in the parameters of Equation (5),
we generated Monte Carlo particles, and created a fitted
graph for the equation.

Eliminating the electric field, the equation is simplified
to:
ω
~a =

−e ~
aµ B
mµ

(4)

~ is the applied
Where ω is the precession of the muon, B
~ is the
~
magnetic field, E is the applied electric field, β
Beta factor, η is the Lorentz factor, and aµ is the
anomalous magnetic moment.
The g-2/EDM experiment at J-PARC aims to measure
g-2 with a precision of 0.1 ppm.
II.

EXPERIMENTAL BACKGROUND

A software framework was needed in order for the JPARC experiment to efficiently analyze data collected

FIG. 1: A graph of N(t) as a function of time fitted with
RooFit.
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subsubsection Geant4 Construction We had been given a
GDML file containing the exact geometry of the experiment
detector. It is the following figure:

FIG. 2: A simulated graph of N(t) as a function of time.
As expected, our RooFit graph was comparable to the
simulated graph. We expect to see these sorts of oscillations from the experiment.
A.

Geant4

1.

Geant4 Examples

Although we plotted an expected graph of the equation,
we needed to create a simulation of the experiment to predict the value of am u. In coordination with J-PARC, our
team planned to simulate the J-PARC muon g-2/EDM
experiments using the simulation toolkit Geant4.
We installed Geant4 to our computers and started experimenting with a few examples as practice. The examples
came preinstalled with the installation of Geant4. The
examples ranged from basic to difficult, and progressively
added new functionalities. Example B1 started by introducing basic geometries and letters into the display. Example B4 included an event, in which a particle was shot
through the volume. Example B5 included a shotgun of
particles through the complex volume.

FIG. 4: The geometry of the detector given by a GDML
file

However, this proved difficult to replicate using Geant4.
We started by reproducing the general geometry of the
detector instead. The most simplified version of the detector was determined to be a cylinder encompassing a
magnetic field that pointed along its z axis. We set this
as the end goal of our Geant4 endeavors. A successful
Geant4 program starts with the detector construction.
Then, a number of things must be defined including the
particles and processes that will be simulated, the production of the primary particles in an event, and any
additional requirements of the simulation.
The
• G4VUserDetectorConstruction
• G4VUserPhysicsList
• G4VUserActionInitialization

FIG. 3: Example B5-2

must be given to the Run Manager within the main function for a successful compilation of a Geant4 program.
We started by giving functionality to each of the classes,
as none of these classes has a default behavior.
Geant4 does not provide default behaviour for these
classes therefore the first step was to give each of these
classes some functionality. The first shape we created
with Geant4 was a cylinder that enclosed a magnetic
field that pointed outwards towards its faces. This was
achieved using the G4Tubs class. The cylinder encompassed a lot of the characteristics that our detector would
have, such as a silicon face, and being surrounded by
air. We practiced changing the shape, material, size,
and position of the detector in a class we created named
DetCon.cc.
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III.

ROOT OUTPUT FILES

Muons are fired towards the detector with such conditions that the muons orbit the detector without touching
it. The muons are likely to decay into positrons which are
detected. More processes can occur within the detector
causing many types of particles to be created.

FIG. 5: A cylinder constructed with Geant4
We then proceeded to change the magnetic field that the
detector encompassed. However, this proved to be difficult to visualize without electrically charged particles
being fired into it. Therefore, we created positrons with
a given momentum and energy to be shot into the cylinder at an angle. We hypothesized that if we had indeed
created a uniform magnetic field, and the positron entered at an angle, we would be able to visualize an event
spiraling towards the direction of the magnetic field with
a uniform period.
We created PriGenAct.cc, which was, in essence, a particle gun for which we could manipulate each feature
separately. We defined the particle we wanted to fire;
a positron, and its initial momentum and direction. By
compiling the program and entering commands into the
GUI, we were able to visualize the magnetic field.
FIG. 7: Detector response after firing 10000 muons into
the World
Once the trajectories of the positrons has been inferred
from the tracks in the vanes, it will be possible to determine where they came from. This then gives information
on the most probable direction of the muon spin at the
point it emitted the positron. One can then calculate
the value of ω
~ a and therefore aµ . The value of g-2 can
then be calculated and compared to the value collected at
Fermilab and the value predicted by the standard model.
FIG. 6: Visualization of a magnetic field with Geant4

We manipulated the strength of the magnetic field
it encompassed, changing the trajectory of electrically
charged particles traveling through it. The regularity of
the period that the blue spiral indicated showed us that a
positively charged particle was traveling through the geometry under a constant force that changed only its velocity in regards to the y-ais. Under our hypothesis that
a magnetic field would act on the positron in only the
perpendicular direction without changing its x-pointed
velocity, FIG. 6 proved to be accurate.

FIG. 8: The spiral track of an individual event
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IV.

CONCLUSION

Throughout the program, we were able to develop a variety of essential research skills as a scientist. These skills
include practical skills such as object-oriented coding in
Python and C++, and utilizing data analysis packages
such as ROOT. Learning to utilize the particle analysis
program Geant4 has also been a sizable part of our time.
We learned to collaborate with other scientists on a major cutting-edge project.
Due to time constraint, and lack of initial experience, we
did not succeed in simulating a version of the experiment
with such details to the extent of being able to calculate
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the value of g-2. To do this, we would need to simulate
the exact way muons are produced, as their spin directions would be affected heavily by the process.
However, the fact that our program was not perfect does
not change the fact that contributing as part of an international team of physicists in a real life-project has
provided us with a valuable experience that will be useful in the future. This program has been an opportunity
for us to deviate from standard classroom-physics and
be involved in a meaningful hands-on project. Our team
produced a goods tart to the simulations of the g-2/EDM
experiment at J-PARC that will be accessible to whoever
takes over the project.

Anh Le Thi Kim, UNDERSTANDING AND MEASURING WITH . . .

207

UNDERSTANDING AND MEASURING WITH
MICROWAVE CAVITIES
Mentor: Harry Themann
Le Thi Kim Anh
August 2th 2017

!1

Anh Le Thi Kim, UNDERSTANDING AND MEASURING WITH . . .
I/ Abstract:
Considering a super conducting circular tube within
a large conducting magnet. If the axions’ mass is
low enough, they could show up as microwave
which could be detected by resonant frequency
microwave cavity. In order to be able to carry that
experiment, students at first need to be
understanding the principle as well as
phenomenons as many as possible when working
with microwaves, Vector Network Analyzer, and
other related instruments. In this research, there are
three main interests, which are increasing Quality
factor, Modes and Spectra Series and Measuring
using pulled beads.
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In the formula above. znp is the p-th root of the
Bessel function of the first kind Jn(z), c is the speed
of light and intiger mode numbers n, p, j stand for
the mode index in the cylidrical coordinate system.
j is number of full-period variations of the field
components in the azimuthal direction, in
cylindrical resonators this means: E, B ∝ cos(mφ)
or sin(mφ); n number of zero-crossings of the
longitudinal field components in the radial
direction, in cylindrical resonators this means: Ez,
Bz ∝ Jj(xjnr/Rc), xjn are the zeros of the Jj; and p
number of half-period variations of the field
components in the longitudinal direction, in
cylindrical resonators this means: E, B ∝ cos(pπz/l)
or sin(pπz/l).
To calculate the frequency of different modes, we
use the table of Bessel function

II/ Tasks:
1. Introduction
Experimental system includes microwave cavities,
a Vector Network Analyzer (VNA), antennas (two
types: monopoles and loops). We have been using
two cavities, which have the theoretical Q-factor at
30000 and 1500. The cavity is connected to the
VNA by connecting cables. The VNA with two
ports displaces 4 traces. Usually, we use 3 traces, 2
reflecting traces named S11 and S22, and one
transmission trace since two traces S21 and S12 are
technically the same. S-matrices (with vectors a1,
a2, b1, b2) are used to define the characteristics of
the four S-parameters. the According to S-matrices,
to determine the reflection parameter from port 1,
with the terminal on port 2, we use S1, for example.
The S-matrices could be understood more easily by
the Figure 1.

Values of pnj for TM modes
n

p=1

p=2

p=3

0

2.4050

5.5200

8.6540

1

3.8320

7.0160

10.1740

2

5.1350

8.4170

11.6200

Values of pnj for TE modes
n

p=1

p=2

p=3

0

3.8320

7.0160

10.1740

1

1.8410

5.3310

8.5360

2

3.0540

6.7060

9.9700

The first measurement will be shown in 5.1. First
measurement
3. Q factors and Smith chart study:
3.1 Quality factor, as know as Q factor should be
main best interest in our research because Q factor
shows how under-damped a resonator is and
characterizes its bandwidth relative to its center
frequency. Higher Q value corresponds to a lower
rate of energy loss relative to the stored energy of
the resonator, meaning that it has low damping .
The higher the Q factor is, the less energy gets loss
during the performance, it means the better the
cavity work. The Q factor is defined by the
formula:

Figure 1. Definition of two-port S-parameter
network
a1, a2 is incident waves, known as independent
varies; b1, b2 is emanating waves, known as
dependent varies.
2. Calculate the frequencies
Given the perfect conducting cylindrical cavity,
with the radius b, length L
The fréquence of TMpnj or TEpnj, for example,
can be calculated with the formula:
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The figures how Smith chart looks like with
different types of being coupled.

Where Δf the bandwidth of the the frequence, f0 is

the frequency at the peak. Using two marker,
we could create a bandwidth by marking them
on the left and the right of the peak so that their
frequency values as close to each other as
possible.
At first the peak has the frequency at
1.845164915, the bandwidth ranged from
points whose frequencies are 1.846409438 and
1.843920393.
Using the formula, the Q-fator is 720, which is
lower than expected because the theoretical Qfactor of the cavity is 1500. The reason for this
is maybe the bandwidth is not suitable enough,
or other factors. Anyway, we needed to clean
the cavity the next day to obtain the determined
results.

3.2. Basically, since the Q-factor tell us how much
energy loss during the performance, so it is
important to increase the its value. Other words, the
Q-factor depends on several of components, so
there are many way to increase the Q-factor. We
could do physical works, or do virtual work.
- Make the better contact between the endocarp
and the cavity by cleaning the edge of the cavity
which is covered by an oxidised layer, making
the surface clean, shiny and smooth. Also, we
need to tighten the rings that hold the cavity and
the cap as tight as possible.
- Increase Q by using super conducting walls like
end caps at the two ends of the cavity.
- Increase B using New Korean Cable
- Lower Noise Frequency, as known as SQUIDs.
- Increase the volume of the cavity by increasing
the radius, the length or use multiple cavities.
- The most common method is to calibrate the
cavity and do port extension.
We tried the first and the last method, which turned
out pretty good. The Q-factor changed from 700 to
over 1200 for the cavity which has the theoretical
Q-factor at 1500.

3.3 Smith Chart:
When measuring the Q-factors, it is necessary to
have critical coupling, it means there is no reflected
signal. To obtain that, we could use Smith Chart
function in VNA to displace the trace S11. And
looking at the Smith Chart, we could say wether the
cavity is overcoupled, under coupled or critically
couple. And of course, we want the cavity to be
critically coupled to have the best Q-factor.

Figure 02. The Smith chart.
The first one is under coupled, the circle is not
completed.
The second one is critical couple when the circle is
perfect.
The third one is over couple because the circle is
close but the lines are cutting each other.
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Also, Smith chart is used to demonstrate the precise
calibration, or define nearly exact Qunloaded and
Qloaded.
4. Antenna studies
4.1. There are two types of antenna, monopole and
loop. Monopole antenna is also known as open
grounded antenna, and loop antenna is known as
short grounded antenna. The use of each type
depends on what mode we are looking for due to
the dissimilarity between TM and TE. Usually,
monopole antennas are used to detected TM modes,
and the loop antenna is used with the TE modes.
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Reading the VNA, calculating the frequencies of
different modes, we have the table below.
Mode

Figure 03. Two types of antennas.

Calculated
frequence
(GHz)

Measured
frequence
(GHz)

TM (0,1,0)

1.84

1.841

TM (0,1,1)

1.88

1.876

TM (0,1,2)

1.99

1.982

TM (0,1,3)

2.16

2.152

TM (0,1,4)

2.38

2.367

TE (1,1,6)

2.66

2.617

unknown

2.881

unknown

2.923

unknown

2.950

From the measured and calculated results, by
comparing, we could tell what mode that peak is at
by comparing and choosing pairs of frequencies
whose values are almost equal to each other.
However, there are still some peaks whose
frequency are way to far from any of calculated
frequences. They should be peaks of TE modes
because we are dealing with the TM modes more
by plugging the antennas via the end cap.

Antenna could be easily hand made. The results
below is comparison of performance of the
controlling antennas and the DIY ones.
The Q-factor measurement when we use the DIY
antenna is lower then we we use the controlling
one. It means that the new ones is not as good as
the old one. The reason for it maybe come from the
the amount of metal that is inserted into the cavity
or mistakes occurs during tuning the antenna. The
peak of frequency is always shifting when we
adjust how deep the antenna is in the cavity, we
could also create another mode if the antenna going
to deep. Once we tried to keep the antenna outside
of the cavity but close enough for the frequency to
shift, and it did shift a little bit, it means that there
is also electromagnet field outside of the cavity.

5.2 The changes of frequencies when using
difference antenna.
First, we use two monopole antenna, both of them
is plugged in the last hole of the cavity, set the span
from 1.8GHz to 2.5GHz. Use the marker to record
the value of two peak, for the mode TE 111 and TE
112
Secondly, we change of one the antenna to loop
antenna, and do the same thing. Then compare both
of them together and with the calculated frequency
of TE111 and TE112

4.2. A comparison of performances of monopole
and loop antenna is showed in Figure 04. and
Figure 05. in 5.2

5. Basic measurements
5.1 First measurement
To define the values of frequencies of various
modes, we use both formula and the VNA.
The result is show in Figure 3 below.
Set up two monopole antennas, weak coupled into
the end cap of the cavity, set the span from 1.5 GHz
to 5 GHz
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The results are shown in the figures below.

Figure 04. Two monopole antennas, plugged on
sides of the cavity, measuring TE111 and TE112

Figure 05. Two loop antennas, plugged on sides of
the cavity, measuring TE111 and TE112
As we can see, the monopole antennas are usually
more well-behaved then the loop antennas because
the value of the peak in the first situation is closer
to the theoretical values then in the second
situation. The reason is that when using the
monopole antennas, the amount of metal that enter
the cavity is less then when using the loop antenna.

In Figure 06. and , we have the spectrum of the
span from 1GHz to 3GHz, measuring S21, the
cavity is connected with two monopole antennas
through end caps.
The Figure shows the values of frequencies of
some TM and TE modes.

5.3 Modes and spectra:

Figure 07. Modes and Spectra of S21

As mentioned before, there are two type of modes,
TM and TE. TM mode (or E mode) is Transverse
Magnetic field when there is no B field in the
direction of propagation; TE mode (or H modes) is
Transverse Electric field when there is no E field in
the propagation.
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As we can see, we are pretty sure that the first peak
is TE115,, the second peak is TM011, and so on.
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Using two monopole antennas, and other holding
tools, the frequencies as the antennas are put into
the end cap and moved from one hole to another.
With the same method as in 5.1 First measurement,
we have the tables of modes that appear in the
experiment as below:

However, at first, the calculated values (vertical
lines) were not well matched with the measured
values (the peaks). That why we need to adjust the
diameter (D), and the length (L) of the cavity to
obtain the determined chart. Detailedly, when we
increase the D, the frequency of some modes
decrease, and when we decrease the D, the
frequencies increase; and the similar phenomenon
happens when we adjust the L.
(Also, because the diameter is slightly changing
along the length of the cavity, so when we get the
determined on the computer, we could assume that
is the average diameter of the whole cavity).
Moreover, there are some modes that do not have
the matched vertical lines and some vertical lines
that do not match with any peaks because because
the antennas are plugged through the end caps,
where is the magnetic field is strong while the
electric field is weak. We would get the opposite
results if the antennas are plugged along the side of
the cavity because that is where the electric field is
strong.

Mode

Calculated
frequence

Measured
fréquence

TE (1,1,1)

1.46

1.46

TE (1,1,2)

1.59

1.60

TE (1,1,3)

1.80

1.80

TM (0,1,1)

1.88

1.88

TM (0,1,2)

1.99

1.99

Look at the figure in the next page, first, we could
see how a mode appear and disappear when we
shift the location of the antenna.
For example, mode TE112, it is strong in every
other hole but the hole #2, which is located in the
middle of the cavity.
Mode TE111 exists when we use the side hole but
not the end cap.
Along the side hole, there is only one TM mode
that could be easily detected that is TM 113, the
other TM modes do not appear until we shift into
the end cap.
At the hole #5, there must be something wrong
because the mode TE112 should not be that strong
in this location.

5.4 Measurement using holes along the cavity.
We know that the electric field is stronger along the
side, by plugging the antennas into holes and move
them along the cavity, we could measure the
frequency of TE modes.

The reason for all of these phenomenon is because
the electric field is strong at the side while
magnetic field is weak, that is why we could easily
detect TE modes using side holes. In contracts, the
magnetic field is strong at the end cap, so most of
the TE modes disappear when the antennas are
plugged into the end cap.
The mode TE112, have two nodes and one antinode
inside the cavity, which means that the highest
frequency located at the hole #1 and hole #4, while
the lowest frequency locate at hole #3

The cavity has 10 holes, 5 each side along the side
as shown below. The holes are named from #1 to
#5 from the right to the left.

So as pulling the bead all way through the cavity,
and look at how spectra change along with
calculated values, we could easily what modes we
are looking at, how and why they behaves in one
specific wave, and finally could have “a feeling” of
how EM field like inside the cavity.

Figure 07 : Cavity side holes’ location
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6. Simulation
The simulation is done my COMSOL Multiphysics.
This method provides the ability to have a clear
image of how EM filed looks like with different
modes inside a cavity. Also, student could try
different ideas that bring better understanding about
the research.

Figure 00. Simulation of electric field and magnetic
field
7. Bead pull
7.1. Principal:
The bead pull method is used to investigate the
field profile inside a cavity. The field is sampled by
inserting a perturbing object and measuring the
change in resonant frequency.
Using the perturbation theory, when a material
within a cavity is changed (permittivity and/or
permeability), a corresponding change in resonant
frequency can be approximated as
7.2. Experiments:
Three beads made of dielectric materials are
attached in the middle of a string (we use three
pieces to see a readable shift in the frequency,
because the bigger the dielectric objects, the more
energy it obverses. We move the bead along inside
the cavity by pulling the string back and forth. Use
marker to mark important points on the string. We
use a hard long wire to have the string entered into
the cavity more easily.
We look at TE111 (marker 2) and TE112 (marker 1)
mode. Because the waves have two nodes at hole
#1 and hole #4, which is 10 cm and 30 cm away
from the right end cap

When we have not insert the beam into the cavity,
consider that spectrum to be normal. The beam is
slowly pulled from the right of the cavity to the left.
Reading the VNA, we could see that the frequency
of TE111 shifts a little bit, and be normal when the
beam is at two end caps of the cavity. While the
TE112 shifts twice, it becomes normal when the
beam is in location of 11.57 cm and 28.68 cm away
from the end cap,; and then the beam is at location
18.75cm away from the right end cap it is
maximum shifted.
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As the marker 1 is marked at TE112 mode whose
wavelength has one two nodes inside the cavity as
illustrated below. These are where the beam
observed the highest energy. While in the middle of
the cavity, there is antinode, where there is almost
none of energy to be observed, that why the
frequency shifted the most.

So we could assume
that the two nodes of
the microwaves are
located at 11.58 cm
and 28.68mm from
the right of the cavity,
and the antinode is
18.75 cm from the
right, which is
approximately in the
middle of the cavity.
Even though there is
slightly different in
results between the
theory and reality, the real result still support the
bead pulling method as one of the method to
discover the EM field inside a cavity.

IV/ Conclusion:
So far, we achieved what we determined to do at
the beginning of the program, which is learn how to
work with the cavity, VNA, increasing the Q-factor,
understanding and measuring with the cavity, and
do investigation about EM field profile simulation
application and using cavity perturbation theory.

V/ Work cited
Harry Themann’s reference materials
COMSOL blog, https://www.comsol.com/blogs/
detecting-dark-matter-axions-with-a-microwavecavity/
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Taejeon Christian International School
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Abstract
We successfully calculated and measured the Q factor values of the TM010 mode in several microwave
cavities using the simulation tool CST, and the experimental tool the network analyzer. The cavities with
which we worked with included the Wuensch Cavities, cylindrical microwave cavities, and toroidal cavities
with circular and rectangular cross-sections. Towards the end of KUSP, we tried to learn how to control the
network analyzer through MATLAB using a GPIB connection, which still requires some progress.

I. Introduction

L

M

ore and more experimental results are indicating towards a quantum chromodynamics (QCD) with a
charged parity violation (CP violation) of a remarkably small fraction. A solution proposed
to lift the Strong-CP problem was the axion.
The axion is hypothesized to convert into a
photon (electromagnetic field) in the presence
of a strong magnetic field. If the axion converts
into a photon due to the inverse Primakoff
effect, the frequency of the photon will allow
us to estimate the mass of the axion using the
well known formula, m a = hv
. We also learned
c2
that the power from the detected axion power
signal will be
Pmnp = gαγγ 2

ρa 2
B0 VCmnp Q L ,
ma

r

Figure 1: Drawing of Wuensch Cavity

(1)

Figure 2: Photo of a Wuensch Cavity

where m a is the mass of the axion, p a is the
local mass density of the axion field, V is the
volume of the cavity, and Q is the quality factor of the cavity. Cmnp is the normalized form
factor describing the coupling of the axion to a
specific mode. This is where microwave cavities enter the picture, where the resonators are
needed to enhance the signal and allow detection of the axion signal. This report will try
to inform the reader on the things we learned
and explored during KUSP.
∗A

A

II.

Wuensch Cavities

Wuensch Cavities are copper cylindrical resonators which can be used in Dark Matter
searches. At the Center for Axion and Precision Physics, extensive research has been done
to advance Dark Matter detection techniques
using microwave cavities. During KUSP, we
learned about these cavities and how to retrieve
data by analyzing resonant frequencies using
Network Analyzers.
Figure 2 shows a photo of a Wuensch cavity

thank you or further information
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Table 1: Calculated and Measured Modes of Cavity 4/5

Modes

Calculated

TE(1,1,1)
TE(1,1,2)
TE(1,1,3)
TM(0,1,0)
TE(0,1,1)
TE(0,1,2)

1.46652
1.60392
1.80988
1.8521
1.88968
1.99819

Measured
1.464
1.6
1.804
1.844
1.848
1.998
Figure 3: Photo of a network analyzer

we experimented with.

i.

Waveguides and Resonators

A waveguide is a structure that introduces specific boundary conditions, thereby guiding the
waves and minimizing energy loss by restricting the flow of the waves.
A resonator, such as the microwave cavity,
is a device that oscillates at its characteristic
frequencies. In order to predict the frequencies
of the TM010 modes of a Wuensch cavity, we
can use the equation formulated below.
wnpj

r
znp 2
c
jπ 2
(
=
) +(
)
2π
b
L

(2)

L is length of cavity, b is radius, n pz is zero of
the Bessel functions, c is the speed of light. We
were given a chart of the zeros of the Bessel
functions for both TM and TE modes, and we
substituted these values into znp .
Table 1. displays the data calculated using
the equation shown above and the data observed using the network analyzer.

ii.

Network Analyzer

The network analyzer contains an oscillator
that sends out a signal through one of its ports,
then visualizes the reflection. The reflected
signal will indicate if there is any energy loss
present. It is also capable of sending a signal
through one port and receiving it through the
other, which is referred to as transmission.
Figure3 shows a network analyzer displaying a sample transmission curve.
2

Figure 4: Photo of Cavity 4

iii.

TM010

Typically, when retrieving data from specific
resonant frequencies, we use the TM010 mode.
The TM010 is the mode of interest because the
electric field is parallel to the magnetic field in
solenoids. The frequency of this mode does not
change even if the length of the cavity changes.
In one of our experiments, we measured the
resonant frequencies of cavity 4 and 5. Cavity 4
has a length of 200cm and Cavity 5 has a length
of 40cm, yet we found that TM010 remained
the same value of around 1.85 gigahertz while
the other modes shifted. Figure4 shows cavity
4 and Figure5 shows cavity 5.

III.

Data Visualization

When using the Microwave Cavities to measure resonant frequencies, we used a network
analyzer to visualize our data. We are mainly
trying to critically couple and observe the Q
factor, and this can be done through Smith
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Figure 6: Example of over coupling, under coupling and
critical coupling
Figure 5: Photo of Cavity 5

Charts, Calibration and Port Extensions. Additional attempts to increase Q factor include
cleaning out the cavities so that there would
be good electrical contact between the cylinder
and the end caps.

i.

Q factor

When the cavity is critically coupled, we are
taking the maximum energy out of the cavity.
This is desirable due to the signal to noise ratio
when we measure the electric signal. The Q
factor is defined by the given equation,
Q=

f
∆f

(3)

Narrower and tall peaks are favorable because delta f is smaller and f is larger. Q factor
is calculated as f over delta f, so the lower the
delta f, the larger the Q factor. In order to get
a higher Q factor, we learned how to calibrate
the network analyzer and clean out the cavities.
A better electrical contact would naturally give
us higher Q values as there was less energy
lost from the resonant cavity. To get a better
conductivity between the cavity wall and the
end caps, we sandpapered the edges of the
copper to increase surface area and get rid of
the oxidization on the copper.

ii.

Smith Charts

We use smith charts to critically couple antennas, perform precise calibrations, and determine the values of Q loaded and Q unloaded.

Figure 7: Example of a smith chart

If the mode displayed is not tangent to the
outer circle of the smith chart, it means that the
grounding of the antenna is not good. Better grounding allows a more accurate measurement, and it’s generally good practice to
ground properly.
The circle formed by the peak of a critically
coupled mode touches the zero of the smith
chart. Over coupling is when the circle is larger
than the zero, and under coupling can be distinguished with a circle smaller than the zero
as shown in Figure6.

iii.

Port Extension

A port extension is needed because the network
analyzer believes that the world ends at the end
of the cable, but it continues and extends to the
length of the antenna.
3
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Figure 8: Simulation of a Wuensch Cavity

iv.

Antennas

Loop antennas can affect coupling just by rotation, so we do not increase or decrease the
total flux of the coupler, while the monopole
antenna has to be pushed in or out to achieve
critical coupling.
Loop antennas are in general good to detect
magnetic fields whereas monopole antennas
are good for electric fields. Loop antennas are
sensitive to magnetic fields.

Figure 9: Simulation of a Cylindrical Cavity with a tuning rod

IV. Simulations
Simulations assist us when visualizing the effects of the Electromagnetic waves inside the
cavities and how they are affected when other
factors are introduced, such as the tuning rod.
We used COMSOL and CST to create simulations of our cavities and visualize the resonant
frequencies.

i.

The tuning rod changes the geometry of the
cavity and makes it seem smaller.

Tuning Rod

Using COMSOL, we created a simulation of the
tuning rod and the effects of moving it towards
the center or the edge of the cylindrical cavities.
Based on our simulation, when the tuning
rod is placed in the middle of the cavity, the
EM waves are dispersed at the center, and the
frequencies are very low. When the tuning
rod is placed close to the walls of the cavities,
it affects the waves only a little bit and there
appears to be higher frequencies.
4

Figure 10: Photo of the toroidal cavity with a rectangular
cross-section

V. Toroidal Cavity with
Rectangular Cross-section
As an extension of my basic project, I assisted
an Undergraduate student at KAIST in his research. He designed a toroidal cavity with
a rectangular cross-section to investigate the
benefits of a toroidal cavity with a rectangular
cross-section compared with a circular crosssection.
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Figure 11: Simulation of the toroidal cavity with a rectangular cross-section
Figure 13: Screen shot of network analyzer with bad
grounding

Figure 12: Drawing of the toroidal cavity with a rectangular cross-section
Figure 14: Screen shot of network analyzer

i.

Simulation

Using CST, the resonant frequencies of the cavity was calculated. We can see the electric field
lines in Figure11 of the mode we are attempting
to find. The calculated value of the frequency
is 4.647868 GHz.

ii.

Observations

Some observations we made when taking measurements are that monopole antennas actually
worked a lot better than loop antennas. This
is contradictory to our studies. Loop antennas
are typically better at detecting magnetic fields,
but this did not seem to be the case.
The frequency we wished to measure was
shown to be approximately 4.64 GHz based
on the simulation. However, from our observations, the largest and most noticeable mode
around this value was around 4.58 GHz.
We also observed some manufacturing mistakes with the cavity itself. It was not well
grounded, and it was lopsided.
We found that the results were very jumpy,

and the modes we were searching for only appeared when there was good grounding.
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1. Radio frequency signal receiver
The RF signal receiver chain is widely used, even in the Axion research
experiment, where the signal of axion decay is captured using resonance cavity
with antenna. This study aims at understanding the principle of RF transceiver,
which applies to the signal acquisition of cavity axion experiment.

Figure 1. Standard design of radio receiver

A radio receiver receives radio waves and converts the information to a usable
form. The antenna intercepts radio waves (electromagnetic waves) and converts
them to tiny alternating currents applied to the receiver, and the receiver extracts
the desired information. The receiver uses filters to separate the desired radio
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frequency signal from all the other, an amplifier increases the power of the signal
for further processing.
Converting a high-frequency input signal to a very-low-frequency signal in just
one conversion stage causes a problem: The image band will be very close in
frequency to the actual RF input band. A Superheterodyne Receiver, which has
two frequency-conversion stages, will help solve the problem. Employing two
frequency-conversion stages makes it possible to space the image frequency band
further away from the actual input frequency band.

Figure 2. Simplified design of radio receiver
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2. Determine the desired frequency
Given the equation f =

𝟏
𝟐𝝅 𝑳𝑪

, I was able to calculate the resonant frequency.

Using the measuring device, I got the inductance: 280 𝜇𝐻 after 16 turns, and the
capacitance: 45pF to 720pF so that the frequency maintain between 355 kHz and
1.5MHz.

An antenna:

To make it easier, I shape like this:

After connecting the inductor and the capacitor, I saw the “dip” cutting the 15dB.
That apex is the resonant frequency. When S11 ≈ -15dB, the power is 97%
absorbed. The structure changed when I adjusted different capacitance.
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3. Mixer
A mixer, or frequency mixer, is a nonlinear electrical
circuit that creates new frequencies from two signals
applied to it. Two signals are applied to a mixer, and
it produces new signals at the sum and difference of
the original frequencies. Other frequency components
may also be produced in a practical frequency mixer.
After connecting the mixer with the generator and
amplifier, there were, in fact, other frequencies rather
than just the sum and difference of the two original.

Some of the measurements:
Marker

Frequency

Power ratio

M1

1.8017 MHz

-11.59 dBm

M2

2.2026 MHz

-0.94 dBm

M3

199.7 kHz

-0.86 dBm

M4

3.8003 MHz

-18.02 dBm

One of the two frequencies should be eliminated in order to enhance the quality of
the radio receiver. A filter is used to remove that unwanted frequency.
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4. Filter
Filters are circuits which perform signal processing functions, specifically to
remove unwanted frequency components. I used LC circuit to produce band pass
filter. Band pass filter is the combination of low pass filter and high pass filter.

Vout= Vin .

)*
)*+,

=> Vout =

-./,0
-+/1, 2 0 2

f = ∞ => Vout = 0 => Low pass filter
f = 0 => Vout = ∞ => High pass filter

Band pass filter = Low pass filter + High pass filter

This is what I’ll get:

In reality, I expect to combine series of low and high pass filters to make an
efficient band pass filter.
LPF + LPF + LPF + … + HPF + HPF + HPF + …
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5. Result

AM Radio signal in Daejeon
KBS 1

882 kHz

MBC

765 kHz

Signals from KBS 1 and MBC can be caught as marked:

226

Trang Nguyen, Construction of RF receiver chain for AM radio

227

6. Summary
The radio receiver was able to catch the signal from 2 station, which is KBS
1 and MBC. However, as shown in the spectrum analyzer, there are still
background noises that reduce the quality of the radio receiver. Further
improvements of the radio design as well as quality is expected to be an efficient
filter.

