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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 2018, KUSP was held from June 27 to Aug 3rd, 2018, hosted by Center for Axion
and Precision Physics Research (CAPP). The total number of students was 6. This year’s
KUSP was hosted particularly with small number of students and unusual period, as the
period overlapped with ICHEP 2018 conference of which CAPP was one of supporting
institute.
The KUSP students participated in the research activities. 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 2018 was chosen based on the scientific reports.
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KUSP Final Report: COMET Phase-II Simulation
Study
Written by: Justin Choi | Supervisor: Myeong Jae Lee
Abstract: COMET is an experiment in J-PARC, Japan on the neutrinoless
conversion from muons to electrons within a nucleus.

I. Introduction
The muon is a subatomic particle with a mass
of approximately 105 MeVs. In nearly every
instance, when muons are converted to
electrons, neutrinos are also released. There is
a minuscule chance that muons convert to
electrons without neutrinos known as the
Charged Lepton Flavor Violation(CLFV).
However, the probability is so low it is near
impossible to witness at the moment. COMET
is conducted to determine if there is a higher

Figure 1. COMET Phase-II experiment setup,
extending from the COMET Phase-I setup.

probability than expected, particularly in
interaction with nuclei. The higher probability will potentially point to an unknown
reason for this interaction. Phase-II will track the momentum and energy within
electrons to test for CLFVs.
II. Objective
My primary objective throughout the study was to analyze a set of data files simulating
electrons reaching the calorimeter. I would create histograms of energy dispositions
recording values with varying generated electron energies.
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III. Experiment Design
Protons are propelled at a target to create pions. The pions travel through the Cshaped muon transport for improved momentum selection. The pions are reduced to
muons and reach the stopping target, releasing electrons. The electrons travel through
C-shaped electron transport to the detector. Consequently, low momentum electrons
are removed and the probability of false tracking is significantly lowered. Detectors
record only 60-120MeV electrons, further reducing the number of recorded low
momentum electrons..

IV. Energy Deposition Data Analysis

Figure 2. Histogram on energy depositions of 10000 separate
events of electrons reaching the calorimeter with a generated
electron energy of 105 MeV.

The simulation returned energy
depositions of the electrons once they
reach the calorimeter. As shown in
Figure 2, amongst the 10,000 entries
only approximately 2580 are greater
than 0, and around 600 of the entries
are close to the target of 105 MeV’s,
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Figures 3-11: Histogram on energy deposition with generated
electron energy of between 50 and130 MeV in increments of 10.
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Non-Zero Depositions

making the experiment 6% eﬃcient. The
anticipated eﬃciency was 5%. This is due

4000

to the amount of energy lost when the
muon hits the stopping the target. The
result is usually releasing both a neutrino

3200
2400

and an electron, taking energy from the
electron. Figures 3-11 shows the energy
depositions of the generated electron
energies from 50MeV to 130MeV in
increments of 10. Figure 12 compares
the number of measurements over 0
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Figure 12. Graph on number non-zero energy depositions per data
file with each given generated electron energy.

for each separate generated electron
energy. The experiment is not completely eﬃcient at 105 MeV, rather around 90 MeV.

V. Conclusion
To summarize, the COMET Phase-II experiment is to record the energy deposition of
electrons released from muons in search of the CLFV. If the violation occurs with a
much higher probability than predicted, an unknown reason could be discovered.
Phase-II will test this by detecting the energy deposition of electrons released upon the
muons hitting a target. Currently, the detector is not optimized to 105MeV. This should
later be adjusted to make up for error.

Sahil Jain, Systematic Errors Within the Muon g-2 Experiment
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Systematic Errors Within the Muon G-2 Experiment
Written by: Sahil Jain | Supervisor: Dr. Yannis Semertzidis

I. Introduction
G-2 Experiments have been done on many
particles in physics, such as the electron,
proton, and neutron. However, in modern
day science we would like to use the muon
as it has a much longer lifetime of 2.2 μs,
compared to the tau which has the life span
of 290 fs. The electron on the other hand has
a mass about 206.7 times smaller than the
muon.The Muon G-2 Experiment may lead
to new scientific breakthroughs in the realm
of physics, as the standard model has
produced a value for G that does not match
experimental results. One experiment
regarding the Muon G-2 experiment has
been conducted at Brookhaven National
Labs (BNL), resulting in a value of G that
did not completely correlate with the
theoretical value of G that was determined.
Hence, a new experiment will be conducted
at Fermi National Labs, and will be 2 times
more precise than the experiment previously
conducted.

Through this equation, it can be determined
that the G-2=0 for point-like, spin ½
particles, such as leptons. However, for the
proton, the G-2 was 5.586 and for the
neutron G-2 was -3.826 due to the fact that
both are composite particles. The ratio gp/gn
= -1.46, which was close to the predicted
–3/2, and the first success of the constituent
quark model. The electron however, is a
different story. The G-2 of the electron is
non-zero mainly due to quantum field
fluctuations involving QED (Quantum
Electrodynamics). This is due to a collection
of virtual particles coming in and out of
existence, based upon the Heisenberg
Uncertainty Principle, shown below.

III. Parameters

II. Where G-2 Comes From
Originally, G-2 measures the difference
between the charge and mass distribution.
Hence, G-2=0 when they are the same all
the time. This is determined through the
Dirac Equation, shown below.

The above equation is the basis for the
Muon G-2 Experiment, and contains 5
different parameters. dN/dt is in 150
nanosecond intervals, graphed with respect
to time. However, this equation is just the
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ideal equation, with no other strange
interactions occurring. This is not the case in
the realm of physics, as the parameters in
the ideal equation above also devolve into
their own equations, with multiple
parameters. One such example is shown
below, in regards to the N0 parameter, which
is dependent on time.

N0 = 1e8 in the above plot

IV. Generating Data Sets For Different
Values of N0
My work involves changing the value of N0 ,
while having set values for the other four
parameters. 𝜏 refers to the lifespan which is
set to be 6.446e-5, ⍵a is 230 kHz, 𝛷 is .3
radians, and the Asymmetry is set to .35. By
varying values of N0, I was able to extract
different error bars for each of the 5
parameters by generating and fitting 5000
points of data, which are created using
existing data, and using Gaussian
Distribution to create the variances normally
seen in the experimental data. These
variances correlate with the error bars, and
are plotted accordingly. An example of such
a plot is shown on the top right of this page.

However, calculating the errors based on
this graph resulted in differences between
simulation and theoretical. The formulas to
calculate the error values for the different
parameter along with calculating the NTotal is
shown below.

As the value of N0 increased, there were
stronger correlations between that of the
mathematically derived errors and

Sahil Jain, Systematic Errors Within the Muon g-2 Experiment

simulation derived errors. For example,
when N0 was 1e5, there was a difference of
.07 between the 𝜎No , .14 between 𝜎𝜏 , .23
between 𝜎A , .12 between 𝜎⍵, and .03
between 𝜎𝛷. The graph of this model is also
shown below.
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time t in the five-parameter function by the
CBO modulated time, which is t → t - g(t)
with CBO function g(t), and results in the
equation shown below.

The figure below shows the relative
amplitude of the CBO effect.

As for N0 = 1e8, the errors were a difference
of .005 between the 𝜎No , .001 between 𝜎𝜏 ,
.09 between 𝜎A , .01 between 𝜎⍵, and .002
between 𝜎𝛷. Additionally, the plot of this
graph was shown previously, and shows that
it is more consistent for higher values of the
plot.
V. Modeling The CBO Frequency and
Phase
Modeling the CBO Frequency and Phase is
just one aspect of how the Muon G-2
experiment can not be put together using
one simple equation involving only 5
parameters. The CBO effect is that of the
radial beam motion, the modulation of the
average time delay between the emergence
of the electron from muon decay and its
registration in the detector station. This
modulation is equivalent to replacement of

The horizontal axis shows the deviation of
the horizontal from two times the spin
precession frequency. The vertical axis
shows the induced shift in ⍵.
VI. Conclusion
Through the usage of ROOT, I was able to
determine a correlation between increasing
values of N0 and higher increasing
correspondence with the error bars. I was
also able to model the CBO frequency and
phase, which showed that higher movement
of the Muon beam resulted in a decrease of
precision and also showed incorrect data,
casing the amplitude of the wave to be much
lower than it truly was.
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KUSP Final Report:
CAPP Topics of Interests and
Research Projects, Explained
Written by Shaya Tousi
Supervised by Yannis K. Semertzidis

Introduction to CAPP
The Center for Axion and Precision Particle Research was founded in October
2013, operates out of the Munji Campus of the Korea Advanced Institute of Science and
Technology (KAIST) in Daejeon, Korea, and is funded by the Institute for Basic Science
(IBS). With the core values of excellence, autonomy, respect, openness, creativity, and
ethics, the Center researches particle and nuclear physics to deepen scientific
understanding of dark matter and the matter/antimatter asymmetry of the universe.
CAPP is involved with axion, dark matter, proton electric dipole moment, and muon g-2
experiments around the world.
CAPP is spearheaded by Director Yannis K. Semertzidis, a fellow of the
American Physics Society and a tenured senior physicist at Brookhaven National
Laboratory of New York. Since its founding, the Center has grown to include around 50
members, including research fellows, graduate and undergraduate students, and
engineers. Director Semertzidis manages the Center with the ideology that “it’s
necessary to have a real picture of the entire experiment,” and cooperation thrives
among the research teams to optimize results. CAPP also runs the Korea
Undergraduate/ Graduate/ High School Summer Research Program (KUSP), offering a
gateway for international students into physics research located on the KAIST Munji
campus.
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Introduction to Axion Research and Experiments

In physics, “conservation” refers to a
property that is not affected by changes in

they are proven to exist and have a mass
within

a

specific

low

range.

its system over time. Well-known examples
include conservation of energy, angular and
linear momentum, and charge. As one of
the four fundamental reactions (strong and
weak interactions, electromagnetism, and
gravitation), the theory of strong interactions
predicts that they violate charge-parity (CP)
symmetry. However, strong interactions do
not seem to violate CP symmetry. This
conundrum is referred to as the strong CP
problem and has baffled physicists for
decades. Specifically, the mystery is the fact

“Matter as we know it”1,2 accounts

that the limit of the electric dipole moment

for, astonishingly, only 5% of the matter in

(EDM) of the neutron is some ten orders of

the universe. Dark matter and dark Dark

magnitude smaller than expected.

matter and dark energy contribute 27% of

A popular solution to this unsolved

the overall matter of the universe as well as

question among physicists is the 1977

68% of the energy density, respectively. As

Peccei-Quinn theory, which relies on the

dark matter is expected to consist almost

existence of a hypothetical elementary

entirely of cold dark matter, the discovery of

particle

remains

a very light axion particle that could both

undetected, but is a strong contender as the

prove itself as a CDM candidate and satisfy

solution to the strong CP problem. Scalar

the strong CP problem would have a

particles like the Higgs boson retain their

monumental impact on particle physics.

called

the

axion.

It

values when mirrored. Interestingly, the

The CAPP aims to address two

axion flips values when mirrored, despite

aspects of the strong CP problem by aiming

not having any spin itself.

to refine axion detection as well as measure

The scientific community is also
interested

in

axions

as

potential

definitively

the hadronic electric dipole

moment.

components of cold dark matter (CDM), if
Shaya Tousi KUSP 2
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CAPP’s Ultra-Low Temperature

plans to move forward with continuously

Axion Search in Korea (CULTASK)

refined techniques.
The CULTASK experiment brings

One of the main focuses of the
CAPP is the search for the dark matter
candidate axion. As part of ongoing efforts
toward this goal, the Center is running what
is currently the coldest axion experiment in
the world, at a base temperature of less
than 50 mK.
Physicists

study

particles at extremely low

by

temperatures

importance in the field due to its capacity for
helping

guide

and

refine

to
the

depth

of

coverage

of

the mass range

the movement of particles at
finite

axion detection, the experiment still holds

increase

the

created

found at all. If CULTASK is negative in direct

dramatically

performing

experiments in such low
“blurriness”

sensitivity to discover the axion—if can be

aims

behavior at the atomic

temperatures,

techniques with the goal of developing the

experiments. It

to clearly observe their
By

experiments, and uses much improved

future

temperatures to be able

level.

major sensitivity improvements to past axion

for the axion by

is

diminished, allowing for more precise study.
CULTASK is based on a proposed

developing a striking level of precision
regarding the axion cold dark matter model.

groundbreaking method by Pierre Sikivie,
which utilizes a high Q value microwave
cavity in a very high magnetic field. Inside
the

microwave

cavity,

axions

will

theoretically be converted into microwave
photos.

Following

engineering

run

a

successful

performed

2016

with

a

mid-sensitivity axion experiment, the project

Shaya Tousi KUSP 3
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Introduction to Muon g-2 Research and Experiments
The

muon,

discovered

theories speculated that the g factor of

in

the muon was equal to 2, which later

1933, was first

experiments showed was inaccurate.

described

The calculation of the anomaly explains

as

“a particle of

the

uncertain

g-factor of the muon and 2. The g-factor

nature,”3 with a

of

relatively

differences

the

muon’s

between

spin

is

the

spin

given

by

long

lifetime of ≈2.2 μs at rest. Muons are a

where μ is the

“cousin” of the electron, but differ in that

magnetic moment resulting from the

they are 200 times heavier and are

muon’s spin, S is the spin angular

unstable, with a finite lifetime. They are

momentum, and mμ is the muon mass.

a charged elementary particle classified

Spin is an intrinsic property of

as leptons, which are believed to have

elementary

no sub-structure.

bosons),

Quantum mechanics developed
alongside

the

study

of

particles

composite

(fermions
particles

and
(those

containing two or more elementary

magnetic

particles), and atomic nuclei, and is also

moments of subatomic particles. When

a type of angular momentum in quantum

an object produces a magnetic field, its

mechanics.

magnetic moment is the measure of

In essence, g-2 is the difference

the magnetic dipole’s strength and

between

the

charge

and

mass

orientation. This determines how the

distribution of a particle. For example,

particles act in a magnetic field. The

when the charge and mass distributions

anomaly of the magnetic moment refers

are the same, g-2 = 0.

to the difference between the expected,
theoretical

value

of

the

magnetic

moment and the observed value. Early

Shaya Tousi KUSP 4
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Muon g-2 at Fermi National
Accelerator Laboratory
From 1997-2004, the Muon g-2
experiment

was

performed

at

Brookhaven National Laboratory in New
York. However, both the results of that
experiment and the theoretical results
had a degree of uncertainty that left

the BNL experiments, while using the

scientists wanting more precise data

same muon storage ring due to its

and stronger results.

incredible

structure.

The

FNAL

experiment also produces 20 times
more data than that of BNAL, and
improves

the

precision

of

g-2

measurement by a factor of four. The
researchers observe the interactions of
muons with a strong magnetic field in
“empty” space4—though even a vacuum
is never truly empty.
At high speeds like those used in

Director Semertzidis stresses the

the muon g-2 experiments, the lifetime

flexibility of the experiment’s set up and

of the muon extends to ≈64.46 μs. This

storage design, saying “sometimes, the

long lifetime allows for very precise

smallest

measurements of magnetic moment,

solution isn’t always the best. [The

mass, and other characteristics with the

muon storage ring’s] structure accounts

right

for ways to fix potential errors.”

technology.

The

Muon

g-2

or

most

energy-efficient

experiment at Fermilab utilizes the
laboratory’s accelerators to improve on

Shaya Tousi KUSP 5
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Both experiments include use of
a muon beam, which require:

Muon g-2 at J-PARC

1. Producing a pulsed proton beam
Similarly to the FNAL experiment,

(which uses a stream of protons

the muon g-2 experiment at the Japan

moving near the speed of light)

Proton Accelerator Research Complex

through a particle accelerator,

utilizes proton beam and muon beam

which

techniques

decay

charged particles and accelerate

positrons. By collecting the positrons

them via electric fields pulsing

to

measure

the

produces

a

beam

positive

of

that decayed from the muon beam and

from

to

measuring their energy and time,

negative at a given

scientists can determine how strongly

frequency.
2. Collecting

the muon’s spin relative to momentum
is affected. A scraping technique is

polarized

used to refine the muon beam. This

from the decaying

reduces

charged

heavy

muon

loss

by

muons

pions

preemptively removing the muons that

produced directly by the proton

would inevitably hit the sides of the

beam.

storage ring, improving the consistency

particles consisting of a quark

of the experiment.

and an antiquark.

Pions

are

subatomic

3. Injecting the muon beam into the
g-2 storage ring and “kicking”
muons into the proper orbit as
they enter it, in order to stabilize
their movement around the ring.
4. Measuring the arrival time and
energy of positrons from the
decaying muons.

Shaya Tousi KUSP 6
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The data collected from these

current Standard Model of elementary

experiments will either align with the

particle physics—the precision of the

theoretical values, reinforcing scientific

experiments at FNAL and J-PARC will

weight of these findings, or introduce

offer high validity to its results in such a

more accurate experimental data. Muon

sensitive field.

g-2 research could go beyond the

Shaya Tousi KUSP 7
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Methods of Study and Student Reflection
At the beginning of my five weeks as

information into more manageable forms

a KUSP student at the CAPP, the need for

that could then be understood by the

accessible yet detailed information about

layperson.

the experiments and research focuses of
the

Center

made

itself

apparent.

My tenure at the CAPP improved my

As

hard scientific knowledge, but also my

complex physics is often unreachable to the

awareness of working in a collaborative

average reader, it is crucial to render

setting. As Director Semertzidis repeatedly

ongoing scientific research in a way that is

stressed to us, a crucial ability for anyone

understandable by the general public to fuel

involved in research is the ability to

interest and open dialogue regarding the

consistently and clearly communicate with

basic sciences.

others. Though I had hoped to work with the

The CAPP’s two primary focuses

undergraduate/ graduate students to help

encompass axion dark matter research and

improve

the

English

grammar

and

muon g-2/EDM research. The Center is

readability of their posters, a number of

involved with experiments around the globe,

factors inhibited this, chiefly among them an

including experiments being conducted at

atmosphere of hesitation or shyness in

J-PARC and Fermilab National Laboratory.

regards to addressing the students. I was

For both of these fields of study, I

not approached for any assistance, nor did I

have spent weeks familiarizing myself with

pursue these connections to the full extent

the research matter and history of the field.

of my ability. A shortage of time, which could

As a student with little previous experience

have been addressed by structuring my

in physics, it was necessary for me to

time spent on other fields more effectively,

peruse conceptual reports, experimental

was also an important factor.

abstracts, and history in relevant subjects

Overall, I am proud of my work

such as dark matter or the strong CP

accomplished with KUSP and hope that it is

problem. This was a huge necessity for my

of use to CAPP in the future. I am grateful to

task: being comfortable with the intricacies

Director Semertzidis and the CAPP for the

of any subject matter, including relevant

opportunity to participate in KUSP, and I am

jargon and background, directly correlates

thankful for everything that I have learned

with one’s ability to analyze and recount this

and experienced through this program.

Shaya Tousi KUSP 8
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Optimization of Sensitive Axis Model for the
Estimation of Domain Wall Parameters at IBS/CAPP
Jooyun Woo
Mentors: Yunchang Shin, Dong Ok Kim, and Young Geun Kim

Abstract

The Global Network of Optical Magnetometers for Exotic physics (GNOME) is a novel
experimental scheme for the axion search using multiple optical magnetometers (OMAGs) located among
well scattered positions on the Earth. OMAGs detect the transient signal from the spin couplings induced
when the Earth crosses the domain wall of the axion field.
Sensitive Axis Model is a model established at IBS/CAPP to estimate the domain wall parameters
by data from OMAGs. This model has been simulated for an optimization. The simulation result indicates
that the model would be valid for any initial values. The model is yet only valid below the noise threshold
0.25 < 𝜎̅𝑠 < 0.30 when the signal strength ρ = 2 , which requires a better equation for an error
calculation. The assumptions of the model are also to be improved in the sense that reflects the physics of
real world circumstances.
The simulation result shows that the model is suspected to have better performance for certain
solution than others. Further study will investigate if this is due to the simulation taking into account only
few GNOME stations or due to the model. Simulation with more unknown parameters will be
implemented to find if the model is still valid to estimate other unknown parameters than those estimated
in this simulation.
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1. Introduction

The axion is a hypothetical elementary particle postulated by Peccei-Quinn theory to resolve the
strong CP problem in quantum chromo-dynamics (QCD) [1].
QCD, in principle, permits a violation of the combined symmetries of charge conjugation and
parity known as CP-symmetry. Along with effects generated by weak interactions, CP-violating
interactions would allow a fair amount of permanent electric dipole moment (EDM) for fundamental
particles such as neutron [2], proton and electron. Up to date experiments looking for the EDM, however,
reveal no EDM in such particles yet. It constraints the level of CP violation from QCD or other theories to
be extremely small [3]. This question constitutes what is known as the strong CP problem.
Roberto Peccei and Helen Quinn postulated a solution to the strong CP problem by adding a new
global symmetry called a Peccei-Quinn (PQ) symmetry that becomes spontaneously broken [1]. This
results in a new particle, the axion, which is proposed to naturally relax the CP-violation parameter to
zero [4, 5].
The axion is also a strong candidate of cold dark matter if its mass is low enough to be within a
range of 1 meV ~ 10 μeV. The dark matter constitutes roughly 26% of total mass of the universe, while it
still remains in total mystery. While considering axions as cold dark matter becomes very favorable
solutions for many questions in modern astroparticle physics, it is highly challenging to detect dark matter
axions because the axions has very low probability to interact with ordinary matter including
electromagnetic fields.
Among many attempts looking for the axions so far, the leading experiment, namely haloscope
searches, investigates a trace of the axions through the Primakoff effect, in which the axions convert to
photons or vice versa [6]. CULTASK at IBS/CAPP searches for dark matter axions in the Milky Way
halo using a cold resonant microwave cavity within a large superconducting magnet. Other experiments
of this type include ADMX [7] and HAYSTAC [8].
At the same time, many of the axion models beyond the Standard Model also predict the
formation of a topological defect called the axion domain walls (DWs) [9]. As PQ symmetry
spontaneously breaks, it might leave DWs which separate regions with different vacuum expectation
values of the axion fields in a limited time period. When the Earth crosses one of the DWs, a torque can
be exerted on spins. This spin coupling is described by the Hamiltonian
𝐻𝐷𝑊 = ℏc

𝐹 ∙ ∇𝑎
,
𝐹 ƒeff

where F is a spin, ∇𝑎 is the axion field gradiant, and ƒeff is the effective decay constant in units of energy
[10].
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Figure 1: Schematic of the GNOME. Multiple OMAGs are operated in distance locations to record
signals with a time synchronization provided by the GPS, enabling detection of spatiotemporal characters
of the DW crossing event.

Figure 2: Schematic of OMAGs. Polarized laser light “optically pumps” the gas atoms in a glass cell
(rubidium in this figure), meaning that it aligns atoms’ spins. An applied magnetic field deflects the
atomic spins around the axis of the field, which makes change in the probe beam that is transmitted
through the cloud of atoms. Monitoring the change of transmitted light provides a measure of the strength
of the magnetic field.
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The Global Network of Optical Magnetometers for Exotic physics (GNOME) uses optical
magnetometers (OMAGs) to detect transient signal of spin couplings induced by DW crossing events.
OMAGs are known to presently offer the most sensitive magnetic field measurements among all
magnetometric techniques [11].
DW crossing events are so rare and brief that it becomes the major issue to separate the transient
signals of DW crossing from the environmental noise. The GNOME employs various noise reduction
techniques including a magnetic shielding room.

2. Sensitive Axis Model

The magnetometer signals detected by OMAGs are determined by both the magnetometer
parameters and the domain wall parameters. As the magnetometer parameters are fixed for each GNOME
stations, one can estimate the domain wall parameters by establishing an appropriate physics model that
associates the magnetometer signal with the magnetometer parameters and the DW parameters.
IBS/CAPP has built a simplified model that can derive the magnetometer signal from the known
magnetometer parameters and the unknown DW parameters. The signal 𝑆𝑠 (𝑡) of the magnetometer s from
a DW crossing event is assumed to follow the Lorentz distribution that has the characteristic function
𝑆𝑠 (𝑡) = 𝐴𝑠

(𝜏⁄2)2
,
(𝑡 − 𝑡0 )2 + (𝜏⁄2)2

where 𝐴𝑠 is the signal amplitude, τ is the full width at half maximum (FWHM) of the signal duration, and
𝑡0 is the mean time of the DW crossing event.
As the signal amplitude,
𝐴𝑠 = ρ𝑎̂𝑠 ∙ 𝑛̂,
is the inner product of the sensitive axis of the magnetometer 𝑎̂𝑠 and the DW normal vector 𝑛̂ multiplied
by the signal strength ρ, the possibility for a signal of the magnetometer to be recognized depends on the
way the sensitive axis of the magnetometer and a DW normal vector align. Operating multiple OMAGs
allows a higher possibility to detect a signal by carrying multiple sensitive axes.
If the domain wall thickness T and its relative velocity to the Earth 𝑣̂ are constant, the FWHM of
the signal duration could be
τ~

𝑇
𝑇
= .
|𝑣⃗| 𝑣
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Assuming that the Earth does not rotate, the mean time of the DW crossing event is
1 (𝑝⃗𝑑 (𝑡 = 0) − 𝑅𝑝̂ 𝑠 ) ∙ 𝑝̂ 𝑑
2(𝑝⃗𝑑 (𝑡 = 0) − 𝑅𝑝̂ 𝑠 ) ∙ 𝑝̂ 𝑑 + 𝑇
𝑡0 = [2
+ 𝜏] =
,
|𝑣⃗|
2
2𝑣
where 𝑝⃗𝑑 (𝜃𝑑 , 𝜑𝑑 , 𝑡) is the position of the DW bearing the shortest distance from the Earth at time t, and
𝑝⃗𝑠 (𝜃𝑠 , 𝜑𝑠 ) is the position of the magnetometer s, both measured in a spherical coordinate with the origin
at the center of the Earth. R is the radius of the Earth. The model assumes that a domain wall is large
enough to be regarded as a flat object passing through the Earth so that each station detects the signal in a
chronological order by its own position parameters.
The noise of the magnetometer s, 𝑁𝑠 (𝑡), can reasonably be treated to be the Gaussian white noise
following the Wiener process 𝑊 (𝑡) in a form
𝑁𝑠 (𝑡) = 𝜇𝑠 (𝑡) + 𝜎𝑠 𝑊(𝑡),
where 𝜇𝑠 (𝑡) is the drift, which can be eliminated by shifting if taken to be constant as in the model, and
𝜎𝑠 is the noise strength.

Magnetometer (s) parameter
DW (d) parameter
Latitude
Latitude
𝜃𝑠
𝜃𝑑
Longitude
Longitude
𝜑𝑠
𝜑𝑑
Noise strength
Signal strength
𝜎𝑠
ρ
Sensitive axis
Relative velocity
𝑎̂𝑠
𝑣̂
Altitude
Thickness
𝛼𝑠
𝑇
Azimuth
Initial position
𝑝⃗𝑑 (𝜃𝑑 , 𝜑𝑑 , 𝑡 = 0)
𝛽𝑠
Table 1: Model parameters of the magnetometer and the DW.

Station (s) Berkeley 1 Berkeley 2
Daejeon
Fribourg
37.8722
37.8722
36.2345
46.7930
𝜃𝑠
𝑝⃗𝑠
-122.2572 -122.2572
127.2391
7.1575
𝜑𝑠
0
90
90
0
𝛼𝑠
𝑎̂𝑠
28
0
0
190
𝛽𝑠
Table 2: Magnetometer parameters for each GNOME stations

Hayward
37.6564
-122.0540
-90
0

Krakow
50.0286
19.9046
0
45

Mainz
49.9906
8.2346
-90
0

The model estimates unknown DW parameters such that the normalized estimation error,
2

0 ≤ ε=∑
s

Ʈ
𝑡
1
∫
(𝑆𝑠 (𝑡′) − 𝑆̃𝑠 (𝑡′)) 𝑑𝑡′) 𝑑𝑡 ≤ 1,
(∫
𝜏
𝜌2 𝜋 2 (2)2 𝑁Ʈ 0
0
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is minimized, where s is a station index, N is total number of stations, Ʈ is total elapsed time for the DW
crossing event, 𝑆𝑠 (𝑡′) is the actual signal detected by the magnetometer s and 𝑆̃𝑠 (𝑡′) is the signal
generated by the model.

3. Sensitive Axis Model simulation algorithm

The model has been simulated with the Python 3.6.5 and TensorFlow 1.8.0 using the adaptive
moment (ADAM) estimation optimization. The algorithm have adopted a self-updating learning rate at
every iteration step as a resolution to the problems due to a fixed learning rate; taking too much iterations
at a small learning rate and oscillating about the solution at a large learning rate.

3.1. Determination of parameters
Three of the GNOME stations, Berkeley 1, Daejeon and Fribourg, have been selected for the
simulation to specify the position of the DW with minimum number of stations. The actual magnetometer
parameters of each station have been used except that the noise strength has been taken to be the same for
every station. All the DW parameters other than the direction of the initial DW position vector, (𝜃𝑑 , 𝜑𝑑 ),
has been set to have fixed value so that a pair of angles (𝜃𝑑 , 𝜑𝑑 ) is the only unknown DW parameter to be
estimated. DW parameters taken to be known include the initial distance from the center of the Earth,
|𝑝⃗𝑑 (𝑡 = 0)| = 10,000 km, the signal strength ρ = 2, the relative velocity |𝑣⃗| = 300 km/s, and the
thickness 𝑇 = 40.0 km.

Parameters

Values
Berkeley 1
Daejeon
Fribourg
37.8722
36.2345
46.7930
𝜃𝑠
𝑝⃗𝑠
-122.2572
127.2391
7.1575
𝜑𝑠
Magnetometer (s)
parameter
0
90
0
𝛼𝑠
𝑎̂𝑠
28
0
190
𝛽𝑠
Known
parameters
0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30
𝜎𝑠
2
ρ
|𝑣⃗|
300 km/s
40.0 km
𝑇
DW (d)
|𝑝⃗𝑑 (𝑡 = 0)|
10,000 km
parameter
∞
∞)
(
Solution 𝜃𝑑 , 𝜑𝑑
Initial value (𝜃𝑑0 , 𝜑𝑑0 )
Unknown
0°, 45°, 90°, 135°, 180°
𝜃𝑑
50°
170°
parameters
𝑝⃗𝑑
𝜑𝑑
90°
330°
0°, 90°, 180°, 270°, 360°
Table 3: Known and unknown parameters and their values taken for the simulation
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Signals calculated with two different sets of (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°) and (170°, 330°) have been
set up as the solutions of the actual signal. Both cases have been simulated at seven different noise levels
where 𝜎𝑠 = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 for each. The simulation has started with the initial
values of the angles being 𝜃𝑑0 = 0°, 45°, 90°, 135° and 180°, and 𝜑𝑑0 = 0°, 90°, 180°, 270° and 360°, so
5 × 5 = 25 sets of angles (𝜃𝑑0 , 𝜑𝑑0 ) in total.

3.2. Validity test of the estimation
The validity of the estimation has been tested by (1) the normalized estimation error ε after the
final iteration step and (2) the number of iteration steps taken to reduce ε to certain level. The estimated
value of DW parameters (𝜃𝑑 , 𝜑𝑑 ) has been observed to reach on average about 82% of the solution
around ε = 3 × 10−6 . The estimation has been considered to be valid if it reaches the error threshold
ε = 3 × 10−6 within 100 iteration steps. The estimation has been considered to fail if it never reduces ε
below the error threshold within 100 iteration steps. It can be presented as an iteration map showing the
number of iteration steps taken or ‘failed’ for each case with different initial value.

3.3. Determination of an iteration number and a learning rate
The model has been simulated with the iteration number = 100. This iteration number has been
chosen such that the simulation can deliver meaningful results showing significant difference in the
estimation by different values for parameters within the time allowed for KUSP. Taking about 12 minutes
for 100 iteration steps, two simulations for each of two solutions with 25 sets of different initial values at
seven different noise levels have been performed in about 2 × 2 × 25 × 7 × 12 = 8,400 minutes, which
is equivalent to 8,400 / 60 / 8 = 17.5 working days.
As the algorithm self-updates a learning rate at every iteration step, determining a learning rate
simply means that one sets an initial learning rate at which the very first iteration is performed. It is still
crucial for the determination of consecutive learning rates since an adjustment in a learning rate at each
iteration step is so small that the initial learning rate has dominant effect on learning rates throughout the
whole simulation process. Whether the algorithm can find the solution in a given iteration number
therefore depends on choosing an appropriate learning rate.
At first, the algorithm has been tested twice at the learning rate = 1 for the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) =
(50°, 90°) with the noise strength 𝜎𝑠 = 0.10, 0.20 and 0.30. The estimation has failed in most cases
because the learning rate is too small for the estimation to find the solution within 100 iteration steps.
More cases of the estimation have failed as the noise strength has increased from 0.10 to 0.30. This has
led to the simulation at larger learning rate = 5 which has given the result with more findings and
implications.
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Figure 3: The iteration maps of the estimations for the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°) at the learning
rate = 1 with the noise strength 𝜎𝑠 = 0.10, 0.20 and 0.30 (from left to right).

4. Simulation result

The Sensitive Axis Model has been simulated using the simulation algorithm to investigate if the
model finds the given solution starting from different sets of initial value within 100 iterations steps at the
learning rate = 5.

Figure 4: The iteration map (left) and the error map showing the estimation error after the final iteration
step in the unit of 10−6 (right) of the simulation with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°) and the noise
strength 𝜎𝑠 = 0.
8
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Figure 5: The cumulative signals calculated with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°) (solid line) and
with the estimated parameters (dashed line) starting from the initial value (𝜃𝑑0 , 𝜑𝑑0 ) = (0°, 0°) with the
noise strength 𝜎𝑠 = 0.00.
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The solution has been found after only few iteration steps in the noise-free case. Figure 4 and
Figure 5 show that the estimation error has already been reduced below the error threshold after 37 steps
and the estimated signal almost exactly coincides with the solution signal after the final iteration step.

As the noise strength has increased, it has taken more iteration steps to find the solution. The
simulations starting from almost all initial values have failed to reduce the estimation error below the
error threshold within 100 iteration steps when 𝜎𝑠 = 0.30 (Figure 6 and Figure 7).

Figure 6: The iteration maps of the simulation with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°) and the noise
strength 𝜎𝑠 = 0.10, 0.20, 0.25 and 0.30 (from left to right, top to bottom).
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Figure 7: The iteration maps of the simulation with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (170°, 330°) and the noise
strength 𝜎𝑠 = 0.10, 0.20, 0.25 and 0.30 (from left to right, top to bottom).

The simulation with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (170°, 330°) has taken less iteration steps to
reduce the estimation error below the error threshold than with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°)
throughout the all noise levels (Figure 6 and Figure 7).

Figure 6 and Figure 7 also show that the simulation with the initial value in the vicinity of the
solution (locating in the orange color box on the figures) reach the error threshold after fewer steps, while
the simulation with the initial value far from the solution generally fails.
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In some cases, the estimated value has been found to deviate quite far from the solution despite the
estimation error is much below the error threshold. It has converged to or oscillated around wrong value
as the iteration continues. Figure 8 and Figure 9 show that the simulation starting from the initial value
(𝜃𝑑0 , 𝜑𝑑0 ) = (0°, 0°) has significantly reduced the estimation error and the resulting signal well
approximates the solution signal. Table 4, however, shows that while 𝜃𝑑 has reached the solution, 𝜑𝑑
seems to have converged to about 90° as the iteration continues.

Figure 8: The iteration map (left) and the error map in the unit of 10−6 (right) of the simulation with the
solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (170°, 330°) and the noise strength 𝜎𝑠 = 0.15.

Iteration step
ε (10−6 )
𝜃𝑑
𝜑𝑑
1
4.3182015
3.0903018
116.454896
20
32.990707
60.899876
98.65406
40
116.3316
102.92573
10.440364
60
170.42108
110.057846
1.5912913
80
172.07005
93.9339
0.8933435
100
171.88686
91.01913
0.9704083
Table 4: The estimated values for 𝜃𝑑 and 𝜑𝑑 and the estimation error at each iteration step from the
simulation with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (170°, 330°) and the noise strength 𝜎𝑠 = 0.15 starting from the
initial value (𝜃𝑑0 , 𝜑𝑑0 ) = (0°, 0°)
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Figure 9: The cumulative signals calculated with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (170°, 330°) (solid line) and
with the estimated parameters (dashed line) starting from the initial value (𝜃𝑑0 , 𝜑𝑑0 ) = (0°, 0°) with the
noise strength 𝜎𝑠 = 0.15.
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The signal can be easily recognized out of the noise with lower noise strength (Figure 10). The
noise strength 𝜎𝑠 = 0.30 is still very small comparing to the signal strength ρ = 2, yet it becomes almost
impossible to tell the signal from the noise (Figure 11).

Figure 10: The signal calculated with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (170°, 330°) (solid line) and with the
estimated parameters (dashed line) starting from the initial value (𝜃𝑑0 , 𝜑𝑑0 ) = (0°, 0°) with the noise
strength 𝜎𝑠 = 0.05.

Figure 11: The signal calculated with the solution (𝜃𝑑∞ , 𝜑𝑑∞ ) = (50°, 90°) (solid line) and with the
estimated parameters (dashed line) starting from the initial value (𝜃𝑑0 , 𝜑𝑑0 ) = (90°, 18 0°) with the noise
strength 𝜎𝑠 = 0.25.
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5. Discussion

The simulation has shown that the Sensitive Axis Model is valid when the difference between the
initial value taken for the estimation and the solution is small enough to be caught up in 100 iteration
steps at the learning rate = 5. This result can be interpreted as that a simulation with the increased
iteration number and the adjusted learning rate would find the model valid for any initial values.
It also has shown that the model can be said to be valid at lower noise, while to be invalid at
higher noise. This finding might suggest the presence of the noise threshold 𝜎̅𝑠 such that the model fails to
find the solution, that is the estimated value converges to or oscillates around wrong value, if the noise
strength is greater than 𝜎̅𝑠 . The simulation result indicates that 𝜎̅𝑠 would have some value in the range
0.25 ~ 0.30 when the signal strength ρ is 2 and all three GNOME stations are taken to have the same
noise strength. Considering that the noise has been assumed to be the normalized Gaussian white noise,
empirically about 95% of the noises resides in the range ±2𝜎𝑠 . With the noise strength compressed by the
dot product, the actual maximum signal-to-noise ratio (SNR) of the model for a GNOME station s would
be
̅̅̅̅̅̅ =
0.25 < (𝑆𝑁𝑅

2𝜎𝑠
) < ∞.
|𝜌𝑎̂𝑠 ∙ 𝑛̂|

A better equation for an error calculation is to be developed for the model’s validity at a higher
SNR.
Only three GNOME stations taken into account, the model is suspected to have better
performance for certain solution than others. Further simulation with all GNOME stations will investigate
if it is the model that has to be modified or it is the simulation that has considered too small number of
GNOME stations to cover broader range of the solution.
As many of the unknown parameters have been taken to be known, the simulation would be
necessary in the future to find if the model is still valid when those parameters are taken to be unknown as
they actually are.
At last, the assumptions of the model are to be updated in the sense that reflects the physics of
real world circumstances.
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Abstract
This project was looking to monitor important parameters of the CAPP-PACE
experiment through a web-based interface, so that 24/7 on-site supervision was no longer
required. We settled on using Grafana, an open source server monitoring application. Grafana
was connected to two databases with data from the CAPP-PACE experiment and was able to
display auto-updating graphs and values. Grafana is a highly customizable program which will
make it easy to make any necessary changes if the layout needs to be further streamlined.
Introduction
The axion is a hypothetical particle, a solution to the CP problem of the standard model,
theorized by Peccei and Quinn [1]. Along with being a possible solution for the CP problem, the
axion is also an intriguing candidate for dark matter. Unfortunately, the axion is extremely
difficult to detect experimentally, as it has very limited interaction with matter. The CAPPPACE experiment adopts P. Sikivie’s detection scheme, which is used by other similar axion
detection experiments around the world, ADMX at the University of Washington and
HAYSTAC at Yale University in particular [2]. This method relies on the reverse Primakoff
interaction, where an axion decays into photons in a microwave cavity subject to a high magnetic
field.
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Figure 1. This is a diagram of the reverse Primakoff interaction. An axion is converted into photons when
a strong magnetic field is applied.

The photons emitted from this interaction have an extremely small signal, however, it can
still be detected. Axion conversion power is on the order of 10#$% W, and is proportional to
𝑃 α 𝐵$ 𝑄𝑉𝐶
where B is magnetic field strength, Q is the quality factor of the cavity, V is the volume of the
cavity, and C is the form factor of the cavity. Of course, in order to properly be able to detect the
photon signal, all of these quantities should be maximized, to get the best possible axion
conversion power. However, photon signal can still be impossible to identify if there is a lot of
noise present in the signal. For this reason, the signal needs to be passed through amplifiers and
other equipment which need to add as little noise as possible. This is why the cavity and
amplifier are held at temperatures close to absolute zero, so that thermal noise created is held to a
minimum.
The actual experiment schematic is as follows: the cavity is held at around 30 mK subject
to an 8 T magnetic field. There is a rod in the cavity controlled by a Piezo motor, so that each
tiny motion of the cavity results in a new resonant frequency. The signal received through an
antenna inside the cavity enters a switch, where it can either go through a HEMT amplifier chain,
or through a SQUID. At this point in time, the SQUID side of the switch has still not been
implemented. From there the signal is sent to the network and spectrum analyzers, and then to
the DAQ computer. All data is stored in a ROOT file. Once the experiment is completed, all the
different spectra obtained go through a long data analysis process, culminating in a grand
spectrum. Axion signals will be easy to spot in this spectrum.
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Figure 2. This is the schematic of the CAPP-PACE experiment layout. The SQUID branch of the
experiment is not shown as it has not been fully implemented yet.

Current Status of the Experiment
The CAPP-PACE experiment is currently in its second run of data acquisition. The first
run was in January of this year, which scanned frequencies from 2.45 – 2.5 GHz. This current
run is scheduled to take about two weeks total, finishing on the fifth of August. It will scan the
frequencies of 2.5 – 2.75 GHz. A number of improvements have been made to the experiment
since the first run to speed up data collection. Finally, a third run will occur later this month,
hopefully with even more improvements over the previous run.
The first run monitoring system was pretty rudimentary. A short term fix was made for
the second run, creating a basic remote monitoring system, which allowed group members to
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monitor the data from home. A page was created on the DAQ computer which ran a Python
script to plot a series of graphs. This script extracted data from ROOT and plotted the data using
Python libraries such as matplotlib. Group members used a remote desktop application on their
phones to log into the DAQ computer and monitor that auto-updating page. Of course, this is not
a very pretty solution and came with some challenges: changes were hard to make to the graphs,
some data was hard to read, the layout was pretty messy.

Figure 3. This is a screenshot of what the remote desktop monitoring system looks like. It is a quick fix to
the data monitoring problem.

Grafana
Grafana is an open source web-based server monitoring software. It is certainly not the
ideal application to use for monitoring axion search experiments, but the end result still comes
out very nice. In fact, some other axion search experiments at CAPP were already using Grafana
for their monitoring needs.
Grafana works by connecting to a database, and then automatically draws and updates
plots based on the given metrics. One of Grafana’s main drawbacks is the fact that it only allows
for the user to create certain types of graphs. For the axion experiment monitoring system, a wide
variety of graphs need to be used, but Grafana only supports time charts, as the software was
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designed for monitoring servers. Luckily, some community made plug-ins for Grafana have been
created, including an option to insert Plotly charts, which solves the issue of only being allowed
to create charts based on time.
We used MariaDB as the database to store our experiment data. MariaDB is an open
source fork of MySQL. We chose this database as there was already an experimental floor-wide
database in the MariaDB format, which contains some data we needed to plot. However, for data
that wasn’t in this shared file, a new MariaDB database had to be created, and code had to be
written to extract data from a ROOT file, the way the DAQ computer stores its information, and
add it to the new database.
These two databases were connected to the Grafana server running on the DAQ
computer, and creating the various graphs needed was relatively simple from there. Grafana is
separated into different dashboards, essentially web pages that host the graphs. Dashboards were
created based on some loose categories that were needed to monitored, for example there was a
dashboard for temperatures, pressures, and for run-specific information.

Figure 4. This is what the temperatures dashboard looks like. On the left is a chart of the temperatures of
liquids that go through the compressor. On the right is a chart of the temperatures of different areas of the
experiment, in particular the cavity and mixing chamber.

Conclusion
The implementation of a Grafana monitoring system for the CAPP-PACE experiment
was a large improvement over the monitoring systems of the past. The data is easy to understand
and manipulate, and hopefully gives a greater sense of security over the experiment. Although
not all needed graphs are created yet, and the configuration is not finalized, Grafana is so easy to
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use that any needed changes can be done in a very short amount of time. In the future, another
feature of Grafana that could prove useful to explore is the alert system, which sends a message
to group members if a value leaves a certain threshold. This could prove crucial in preventing
any experiment failures.
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KUSP Report: SQUID Device Experimentation/Research
Written by: Ryan Jin | Supervisor: Andrei Matlashov
I.

INTRODUCTION
A SQUID, also known as
superconducting quantum interference
device, is a device used to measure the
magnetic flux within an environment. In
1962, Brian David Josephson postulated his
Josephson effect which involves the
phenomenon of supercurrent, a current that
flows indefinitely without dissipating. It was
from this effect that the Josephson junction,
a main component of the SQUID, was
created in 1963. However it wasn’t until
1964 when the first SQUID was built.
The main components of the SQUID
are detection coil, input coil, and SQUID
sensor as seen in Figure 1. The devices

Asdfadfas
utilized for data acquisition are separate
from the SQUID and are kept at room
temperature.
There are two main types of SQUID:
direct current (DC), shown in figure 2, and
radio frequency (RF), shown in figure 3.
Currently the DC SQUID is used more often

with research labs due to its more sensitive
nature relative to the RF SQUID. The main
contrast of the two is that the RF SQUID
consists of one Josephson junction while the
DC SQUID is comprised of two Josephson
junctions. Josephson junctions consist of
two superconductors separated by a weak
link (thin insulating barrier or physical
constriction).

II. PROGRESS TIMELINE
In order to get a better understanding of the
basics of the SQUID device, I began my
research with the basic concepts on which
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the SQUID device relies on:
superconductors and their respective
properties (Meissner effect, Lenz effect, and
flux trapping effect)
Once the research on the basic
concepts were complete, I began researching
on the SQUID device along with its
application. My mentor was able to assist
me in becoming more proficient with the
technology by introducing some
experiments to test using Mr. SQUID
(Figure 4), an educational demonstration

system for pre-graduate physics lab courses.
On top of this, I was able to learn more
about the SQUID through the Mr. SQUID
manual that was given to me by my mentor.
Once I had completed my initial
research on the topic of SQUIDs and their
fundamentals, I began to look for
experiments and conducted them under my
supervisor, Mr. Matlashov, in the hopes of
gathering data that would support my
research.
III.

EXPERIMENT(S)
With only about a week of
solid experimentation, my mentor
assisted me in becoming more
knowledgeable about the SQUID
device. One of the current projects I
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am working on with the application
of SQUID is to find the critical
temperature of the SQUID device
itself. The critical temperature of a
device determines at what
temperature the object or material
will become superconductive. With
this experiment, it will allow me to
develop skills to control speeding up
or slowing down heating and cooling
processes with low temperature
liquids. It is imperative that I
conduct this experiment with the
utmost amount of safety in mind as I
am dealing with liquids and metals
that can go to very low temperatures.
In essence, the results I am trying to
achieve is critical temperature that is
represented in figure 5 by the blue
dot. Initially, the project went

smoothly as my mentor and I were
able to successfully add the
temperature reading diode to the
SQUID. However, the main problem
with the experiment was the fact that
the temperature diode was not
reading the temperature of the
SQUID, but rather the temperature of
the wiring connecting the
temperature diode and the source of
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the current. In order to fix this, we
decided to use wiring that was made
of a material that had a low low
temperature conductor. Initial
findings showed that at a
superconducting state, the curve of
the graph is like the one shown in
Figure 6. As the SQUID cools, the
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superconductivity, it is shown on the
graph by having a very steep slope.
This slope decreases or becomes
closer to zero as the SQUID gets
closer to the critical temperature
before it becomes superconductive.
In the end, after all the hindrances,
we were able to gather the data
required to find the critical
temperature of the SQUID as you
can see in Figure 8.

curve begins to change by the
horizontal part shortening and the
slopes of the ends getting steeping.
This continues until the graph
IV.

becomes a straight line represented
by the blue line in Figure 7. On top
of this, once the SQUID lost its

Conclusion
In conclusion, I was able to become
proficient with the use of the SQUID device
as well as utilize it to conduct the
experiment to determine the critical
temperature of the SQUID device itself. On
top of this I was able to further understand
the importance of materials used during the
experiment. Having a good understanding of
the basics, along with the expertise of my
mentor, I was able to successfully carry out
the experiment thoroughly and without
much hindrance.

