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Abstract

The effects of the continuous spontaneous localization (CSL) collapse model
can theoretically be observed through an increase of the mean energy of
a collapsing system. The force noise of a magnetically cooled force sen-
sor is used to measure its kinetic energy and improve upper bounds of
certain CSL parameters, but this demands an environment with temper-
atures in the sub-mK regime. Measurements in this temperature range
are performed with a primary flux noise thermometer and a resistance
thermometer, which are subsequently compared to each other and exam-
ined for their accuracy. The result is that the two thermometers do not
line up in temperature, differing in 1-2 mK at all times. Standalone, their
accuracy also cannot be sufficiently ascertained. The two different sen-
sors of the resistance thermometer have a mean temperature difference
of 0.93 £ 0.07 mK due to being calibrated elsewhere, causing their RC
time delay to scale differently over temperature. The noise spectra of the
flux noise thermometer contain interference, which is minimized as much
as possible. This procedure works better for lower frequencies than for
higher frequencies and has a clear effect on the flux noise power. The re-
liability of this thermometer is affected by a forced best fit estimation that
is caused by a limiting calibration process. Besides this, the force noise
measurements could not be done because the experiment did not manage
to cool down enough. The reasons for this stem from small oversights in



iv

the experimental setup. However, given that the setup has undergone im-
provements since the last time these measurements were performed, one
can expect to improve upper bounds in future runs. This is especially the
case if the temperature can be further lowered by implementing a second
magnetic cooling stage.
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Chapter

Introduction

The inception of quantum mechanics in the twentieth century had the
purpose of branching out our understanding of the physics that occurs
at the smallest scales, and is therefore inherently concerned with the be-
haviour of (sub)atomic systems. While certain quantum effects have re-
vealed themselves to be the origin of observable macroscopic characteris-
tics [1], any testing concerning quantum mechanics has historically been
restricted to microscopic systems [2].

Prior to testing such a system, while it has not yet been externally in-
fluenced and thus remains undisturbed, quantum mechanics postulates
that the possible states of the system evolve alongside each other in time
according to the Schrodinger equation. The manner of evolution is both
linear, meaning that some states of the system are linear combinations of
other solutions to the equation, and deterministic [3]. The latter implies
that any future state can be obtained by means of multiplication of the ini-
tial state with the unitary operator. In fact, this can be generalised to one
of the quantum mechanical axioms that proposes the unitarity of any time
evolution of a closed system that involves the Schrodinger equation [4].
The principle of unitarity claims that at least one of the possible quantum
states must be realised at all times, accomplished by imposing the condi-
tion that the probabilities of all states must add up to be 1. This condition
dictates what matrix transformations are allowed in Hilbert space, and
consequently, given any quantum state and the unitary matrix, restricts
what future and past states are possible. In other words, it grants us the
ability to obtain knowledge about the system at any time [5] as well as
reverse its evolution [6].
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4 Introduction

1.1 The Measurement Problem

An evident issue with unitarity, one that makes a compelling argument for
departing from this feature of time evolution, arises if we start disturbing
our quantum system via measurements. The Copenhagen interpretation
tells us that there is an instantaneous projection of the wave function onto
an eigenstate of the measured observable. This process is entirely stochas-
tic and therefore goes against the predictability characteristic that defines
the evolution of our undisturbed system. Another glaring contradiction
with the evolution before measurement is that the projection process is
nonlinear [3]. These two properties of projection, or wave function col-
lapse, form an undeniable and fundamental problem with the the formu-
lation of standard quantum mechanics. It flags the two principles of time
evolution that are at odds with each other as an indication that there is
a need to reconstruct the dynamics of quantum systems in a way that is
not always linear or unitary [7]. This is further reiterated by the relat-
ing macro-objectification problem, which describes the validity of macro-
scopic superposition states that are not actually observed in reality [8],
suggesting that any proposed changes should aim to reduce these indefi-
nite states.

1.1.1 Collapse Models

Allowing to break away from the necessity of unitarity and linearity in the
dynamics of quantum systems leads us onto the path of dynamical reduc-
tion models, which modify the Schrédinger equation through the addition
of a stochastic term in an attempt to unify the two different kinds of evolu-
tion [3]. The implication of this addition is that wave function collapse can
occur spontaneously and randomly, even in the absence of an external in-
fluence. These so called spontaneous collapse theories rid measurements
of their ambiguity through the implementation of a sound mathemati-
cal framework, while still allowing the system to evolve according to the
Schrodinger equation in between those collapses [8][9]. Within these mod-
els, it’s crucial that the macro-objectification problem is addressed along-
side the measurement problem. This is achieved through the requirement
of a process for rapid suppression of macroscopic superposition states that
simultaneously leaves microscopic states unaffected, thereby defining the
framework in accordance to empirical observations [9].

Of the proposed models, there is one in particular that displays the de-
sired properties that have been laid out in a way that appears physically as
the most plausible, namely the continuous spontaneous localization (CSL)

4
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1.1 The Measurement Problem 5

model [9][10]. It introduces a collapse rate that rises in intensity as the
system is increased in size in such a way that spatially larger systems ex-
perience more collapses over a period of time. Consequently, macroscopic
systems can be perceived as continuously collapsing while standard quan-
tum mechanics remains applicable to conventional microscopic systems.
Another important parameter is the correlation length, which describes
the spatial resolution of the collapse [11].

An exciting aspect of CSL is that it allows for experimenting on systems
that are not necessarily microscopic and to test the validity of the idea of
a wave function collapse as a result of a measurement. The latter can be
carried out due to an energy violation that is predicted by CSL in the case
a collapse event. If the collapse rate of the system is high enough, the pro-
duced energy is indirectly measurable. In 2018, Vinante et al. [11] devel-
oped a method to find the upper bounds of the CSL parameters through
measuring the energy of a mechanical resonator in a thermal bath. By im-
proving upper bounds of these parameters, one could eventually make the
sensible assumption that the measured energy is due to wave function col-
lapse. However, since the violation is incredibly small, excellent vibration
isolation as well as a sub-mK environment are demanded [12].

The Oosterkamp group has since built upon the CSL experiment to
find the kinetic energy of a silicon cantilever through force noise mea-
surements. It is key to maximally reduce the thermal bath temperature,
reaching cryogenic temperatures while simultaneously maintaining a low
standard for external mechanical noise. This thesis specifically follows
Van Heck et al. [12], which managed to decrease the cantilever tempera-
ture to approximately 1 mK, by implementing an improvement upon the
experimental setup to establish a similar temperature for the silicon sam-
ple that is thermally linked to the measuring device. It will also go into the
techniques that are required to ascertain the validity of such temperature
measurements by means of a primary magnetic flux noise thermometer.
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Chapter 2

Theory

2.1 Continuous Spontaneous Localization

The CSL model is a well studied and elaborate collapse model, and there-
fore interesting with regard to the quantum mechanics of macroscopic
systems. The resulting implication of an increased mean energy enables
experimentalists to set upper bounds for the aforementioned parameters.
The aim of this is to eventually detect effects of the model.

2.1.1 CSL parameters

To understand where the CSL parameters come from, we rely mostly on
the mathematical framework set up in Bassi and Ghirardi [3]. The time
evolution of the wave function ¢; within the CSL model can be described
through a mass-proportional version of the dynamical equation, given by

dipy = [——Hdt + \/_/dx M(x))s) dWi (x)
2.1)
_%% [ ax(M(x) = (M(0)) dt | .

This differential equation is both nonlinear and stochastic. H is the
Hamiltonian that is present in conventional quantum mechanics. The lat-
ter two terms on the right-hand side express the spontaneous collapse
events with a parameter -y, which defines the collapse strength. m is the
mass of a nucleon, which is taken to be the reference mass, and W;(x) is
the noise field that is coupled to the mass-proportional system [13]. We
can define the mass density operators as
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8 Theory

M(x) = Emj [ dyg(y = xu (9)#)(y) 22)
]

Here, lp;f(y) and ;(y) are the creation and annihilation operators for
a particle j in position y. Together they form the collapse operators that
causes rapid suppression of certain superposition states [10]. In other
words, the wave function ¥y experiences a spontaneous collapse and be-
comes localized around the common eigenvectors of M(x) [3]. The mass
density operators also contain a spatial correlation function,

o \3/2 —(a/2)x
g(x) = (E) e~ (0/2)x*, (2.3)

The correlation function relates the noise variables of W;(x) to the mass
density of the system. It has a width a with dimensions m~2. By further
defining a correlation length rc = a~1/2, we get a measure for the spatial
resolution of the collapse [11][14]. The other CSL parameter can also be
found using Eq. 2.3 by introducing the rate, or intensity, of the collapse as

Q 3/2
E> - r (2.4)

A = ,
CSL ( (87T3/27?:>

with dimensions s~!. To see how exactly the CSL parameters con-
tribute to reduction of superposition states, we need to consider the den-
sity matrix p;, which describes the physical ensemble of normalized vec-
tors |ip) of the system [3]. The interaction of the system with its envi-
ronment, called quantum decoherence, causes apparent wave function col-
lapse [10]. The consequence of decoherence for the density matrix is the
decay of its off-diagonal elements [15]. For a single nucleon, this reduction
is expressed as

% (x'|pe]x")y =T (X, x") (X|pe]x"), (2.5)

with T (x/,x”) the reduction rate. In terms of the CSL parameters, it
becomes

I (x',x") = Acst [1 — e*""*"”z/‘%} : (2.6)

The reduction rate is a function for the state in which the spatially sep-
arated positions x” and x” appear simultaneously at time ¢. Eq. 2.6 shows
that if |x" — x”| << r¢, the reduction rate shrinks to zero, meaning that
there is no contribution to the collapse. However, for |x' — x| > r¢, the

8
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2.1 Continuous Spontaneous Localization 9

reduction rate is roughly equal to the collapse rate Acsy. It follows that
superpositions of particles that are separated by approximately the corre-
lation length are quickly suppressed, while smaller superposition states
remain nearly unaffected. This is however only the case for a single nu-
cleon. Applying this reduction mechanism to multi-particle systems, we
get the following reduction rate:

= /\CSLI’ZZN. (27)

Given a dense system, n> denotes the number of particles that are within
range of each other in terms of r¢. If a particle in the system undergoes
spontaneous collapse, it induces its 7 neighbors to also undergo collapse,
creating a multi-particle collapse event. This cluster of collapse amplifiers
repeats itself N times in the system [10][15].

CSL experiments mainly focus on improving bounds for Acgy and r¢,
as shown in Fig. 2.1 [11]. The Acsy, rc-plane gives an overview of what
values for the collapse rate (in the full range of r¢) can be excluded as well
as the redefinitions of these parameters that have been made by various
experiments.

1E-5
1E-6
1E-T-!
1E-8 4
= 1E-9: ___________ < b
e
B E|
1E-124 S
1E-13 4=
1E-144
1E-151
1E-16 4
1E-171 — ) e
1E-8 1E-7 1E-6 1E-5

re (m)

Figure 2.1: Plot of the Acsy,rc-plane for theoretical and experimental bounds. The
shaded region above the red upper limit forms the exclusion zone of the parameters ac-
cording to Vinante et al. [11]. The black dashed line is a theoretical limit that was pro-
posed by the same group.The blue dashed line is the upper bound that is the result of an
X-ray emission experiment, showing improvements from Vinante et al. at rc > 107®m
[16]. The green bars are the lower bounds for two values of rc by Adler [14]. The purple
unfilled and filled dots are the upper limits of matter-wave interferometry [171[18] and
proposal of the GRW-model [9].
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10 Theory

2.2 Noise Thermometry

An important requirement of measurements that can detect CSL effects
is that they are performed at temperatures in the sub-mK regime. This
is because the induced change in thermal energy results in a slight tem-
perature change, which can only be observed if the thermal bath around
collapse is at a sufficiently low temperature. The monitoring of such tem-
peratures in this experiment is done with a primary thermometer. This
type of thermometer is not calibrated with another kind of thermometer
to determine temperatures, and instead directly measures thermodynamic
temperature of a system. There are multiple ways of going about this, one
being through noise thermometry [19].

2.2.1 Thermal Noise

s 3

A IR T IL t A
< <!

\Y} < <
n R : L c:x: Vnul

o =
; v

R ’> [ S

o - O

Figure 2.2: Electrical diagram of a parallel connected resistor with resistance R (€)) and
inductor with inductance L (H). The voltage over the circuit comes from the voltage
fluctuations [20].

The method for noise thermometry relies on the thermal motion of elec-
trons inside of a conductor that is at equilibrium. If we consider a parallel
LR-circuit (see Fig. 2.2), we can use the equipartition theorem to relate the
resulting thermal fluctuations to the energy stored in an inductor:

1.5 1
<2LI > = szT. (2.8)
Here L (H) is the inductance, I (A) the current, T (K) the temperature
and kp the Boltzmann constant. The thermal fluctuations of the charge
carriers create a fluctuating current that runs through the resistor. Accord-
ing to the fluctuation-dissipation theorem, this then results in the dissipa-
tion of thermal energy. The corresponding noise is referred to as Johnson-
Nyquist or thermal noise [21]. For an ideal system, the thermal noise is

10
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2.2 Noise Thermometry 11

almost equivalent to white noise. Therefore, the corresponding noise spec-
trum is supposed to be mostly constant in the frequency domain.

By further mathematically analysing Eq. 2.8, the root-mean-square
(rms) thermal noise voltage over the resistor can be defined as

Vhoise (rms) = \/4kgTRB, (2.9)

where R (()) is the resistance and B (Hz) the bandwidth [22]. The cor-
responding noise power is

Pooise = k5 TB. (2.10)

This linear relation means that by finding the noise power, the temper-
ature can be determined relatively easily.

2.2.2 Magnetic Flux Fluctuation Thermometer

The temperature measurements in this experiment are based on a mag-
netic flux fluctuation thermometer, which has two important components
that make it an excellent primary thermometer for extremely low tem-
perature detection. The first component is a conductor functioning as a
temperature sensor that is thermally coupled to the system. The nonzero
temperature of the system will cause the electrons to move around in the
conductor. Since the thermometer has to work at low temperatures, the
material of the sensor has to be made of silver and welded to the silver
wire. A gradiometric pickup coil that is wrapped around the sensor picks
up the thermal fluctuations in the form of magnetic flux fluctuations which
induces a current in the other component [23].

The second component is a DC superconducting quantum interfer-
ence device, or SQUID. The SQUID consists of an electrical loop with two
Josephson junctions connected in parallel. The loop is placed in close prox-
imity to the inductor to detect its flux changes. What makes the SQUID
a uniquely sensitive magnetometer is that it changes the direction of the
current inside the loop with every half a magnetic flux quantum change,
where a flux quantum is denoted by ®; (Wb) [24]. A circuit diagram of
this thermometer can be found Fig. 3.2A.

The change in current is read out by the SQUID feedback as voltage
signals. Data analysis can then be used to obtain the flux noise that was
picked up by the MFFT:

Se = 4kgTou3r’G(R/9). (2.11)

11
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12 Theory

Here ¢ is the conductivity of the sensor, o the magnetic permeability,
the sensor radius and G(R/¢) a function that describes the geometry of the
thermometer. As is visible from Eq. 2.11, the flux noise is linearly related to
the temperature of the system. This means that the power spectral density

of S becomes smaller for lower temperatures, which can be observed in
Fig. 2.3.

454K eaee X
L =

Fole46K ==

[ 786.8 mk —aallex

| 464.5 MK e
3255 mK et

S, ((md )’/ Hz )

Figure 2.3: Example of a plot of the flux noise Se (m®3/Hz) over the frequency f (Hz)
for multiple temperatures [19].

Assigning one value to each spectrum, the flux noise power Pg can be
calculated as

Py — / " sodf, (2.12)
fo
where fp and f; are the minimum and maximum frequencies of the
power spectral densities respectively [12]. According to Eq. 2.10, the tem-
perature can then be extracted from the power.

12
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Chapter

Methods

3.1 Experimental Setup

The experiment, which will be referred to as Fermat, consists of a nanome-
chanical resonator in the form of a silicon cantilever with a permanent
magnet attached to it. Acting as a force sensor in a thermal bath, it can be
used to measure excess force noise that the cantilever experiences through
its changing position. This displacement induces a current in a pickup
loop on a diamond chip just below the cantilever. The components that
make up Fermat are attached to a mass-spring system, which hangs un-
derneath a mixing chamber plate inside a pulse-tube dilution refrigerator
[25]. In Fig. 3.1, pictures of the full setup can be found. The picture on
the right shows the multiple plates above the mass-spring system that to-
gether comprise the rest of the setup. The nuclear demagnetization stage
(NDS) happens between the 1 K plate and the 50 mK plate (still plate). As
can be seen in the left, Fermat is surrounded by an aluminium shield for
protection against outside magnetic fields.

The setup is surrounded by two vacuum sealed environments: The
outer vacuum chamber (OVC) and inner vacuum chamber (IVC). Starting
at the room temperature plate, a pulse-tube refrigerator is used to precool
the 50 K and 4 K plates, with contact gas being used for thermalization.
This brings the temperature down to approximately 4 K. At this stage,
helium-3 and helium-4 are brought into contact with each other in the mix-
ing chamber. This is a cooling technique that decreases the temperature of
the environment to 10-15 mK. Since the cantilever is thermally driven, we
want to reduce thermal fluctuations as much as possible. To do this, the
temperature is further lowered to < 1 mK with the NDS, which is ther-
mally coupled to the cantilever and diamond chip through a silver wire.

13
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14 Methods

The silver wire is connected to the mass-spring system in multiple places
with LEGO blocks. This is so that the wire experiences vibration isolation
while maintaining its temperature.

The material used inside the NDS is PrNis, and the strength of the mag-
netis 2 T. The contact between the mixing chamber plate and nuclear stage
is controlled with an aluminium heat conductance switch. This is done
by sending a current of 150 mA through a superconducting NbTi twisted
pair wire that goes through both the OVC and IVC and ends up at the
mixing chamber plate. The wire is thermalized to the 50 K plate and the
4 K plate. The main panel of Fig. 3.2 shows a schematic drawing of the
NDS, vibration isolation system and Fermat. It also shows the two types
of thermometers that are used to determine the lowest temperatures of the
setup.

! %E—s‘:sp’riria N

Ssystem:

Figure 3.1: Two pictures that show the experimental setup in its entirety. The left picture
gives an overview of the temperature of each plate. These temperatures are determined
with thermometers that are present on each plate. The 4 K plate marks the transition be-
tween the OVC and IVC. In order to reduce mechanical noise, springs have been installed
in between the 4 and 1 K plates. The plates are thermally isolated from each other, so that
contact gas is needed for thermalization. The right side shows the mass-spring system
that hangs underneath the 15 mK plate and Fermat with the shield below that.

3.1.1 Fermat

As mentioned before, Fermat contains two essential components: The force
sensor and the sample. The first one is an IBM-style silicon cantilever of
196 ym that has a Nd,Fe;4B magnet of approximately 7.3 ym in diameter

14
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3.1 Experimental Setup
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Figure 3.2: Main panel: schematic drawing of a part of the experimental setup. The
NDS is connected to the mixing stage through a heat switch. Below the mixing chamber
plate, the silver wire goes through the mass-spring system and is connected to both the
chip and the force sensor. There are also two types of thermometers that monitor the
cantilever temperature. Side panels: More detailed drawings of the primary magnetic
flux thermometer and cantilever readouts, which are done with SQUIDs.

attached to the tip. The cantilever is put in a tip-holder that is connected to
a dither piezo. This way, the sensor can be driven at a specific frequency.
The tip-holder also has three piezoelectric motors attached to it, so that it
can be titled in multiple directions. This is done so that the position of the
magnet with respect to the pickup loop below can be changed to find the
best coupling.

Details of how the signals from the pickup loop are transported to the
SQUID feedback are shown Fig. 3.2B and C. The movement of the mag-
net is detected by the change of the magnetic flux in a pickup loop on a
diamond chip. This induces a current that is transferred to a transformer
through aluminium wire bonds. After the signal is amplified, it’s lead to
a SQUID where it is read out as a voltage signal. The diamond chip is
thermalized to the same silver wire as the cantilever. This is done by glu-
ing the silver wire underneath the chip with silver paint. The components

15
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16 Methods

Silver wire

Figure 3.3: The left side shows a picture of the sample containing the diamond chip and
transformer. The silver wire is a flat so that it can be easily glued underneath the chip.
The right side is a zoom-in of the diamond chip. The side with the pickup loop, which has
a square shape for flux change measurements, is connected to the transformer through
multiple silver wire bonds.

below the cantilever form the sample (see Fig. 3.3).

3.1.2 Thermometers

There are two types of thermometers that are used to measure the temper-
atures achieved by the NDS. The first one is the magnetic flux fluctuation
thermometer with a Magnicon DC SQUID, which is described in detail in
section 2.2. The mechanism of the thermometer also shown in Fig. 3.2A.
The temperature sensor is the silver wire that is thermally coupled to can-
tilever and the sample, so that the thermodynamic temperature of these
components can be measured directly [26].

The second thermometer is a HDL resistance thermometer, which was
developed by W. A. Bosch [12] and calibrated in another cryostat to opti-
mally work at temperatures between 20 mK and 4 K. Since the experiment
is cooled down to even lower temperatures, it is not possible to fully rely
on this thermometer, and explains the necessity of a primary thermometer.

3.1.3 Setup Changes

The data that was used for the analyses of the thermometers was obtained
in measurement run 58. Run 60 was carried out with the intention of doing
cantilever position measurements.

Between run 56 [12] and run 58 there there was only one relevant setup
change: The exclusion of Fermat in the latter run. This is because the run
was meant as a test of how well the thermometers work without the effect

16
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3.2 Resistance Thermometer Data Analysis 17

of the experiment. Consequently, the cables that are usually connected to
Fermat did not yield a heat load that could affect the temperature of the
silver wire. This also means that there was less electronic interference than
if the cables would have been connected.

There were multiple setup changes between run 58 and run 60, all with
the aim of improving results. The first is the removal of a set of low Ohmic
cables that are generally used for the piezo motors. The cables were ther-
malized to the 4 K plate, but due to their heat load it is likely that they
caused the plate to remain approximately 1 K above its intended temper-
ature in previous runs.

The second change is the way in which the heat switch is connected to
the power supply above the room temperature plate. A superconducting
wire of NbTi inside copper with an insulating layer around it was made
to replace the previous connection. Specifically, it is a twisted pair wire,
where two conductors are twisted around each other in order to reduce
cross talk. The wire goes down through the room temperature plate, 50 K
plate and 4 K plate, being thermalized to the latter two. A vacuum tight
seal was made in the 4 K plate to prevent a leak between the OVC and IVC.
The resistance of full wiring of the heat conductance switch is 6.5 () when
the fridge is in operation. The wire length was chosen in such a way that
the dissipated power as a result of 150 mA of current running through it
does not cause the environment in between plates to heat up. The addition
of the twisted pair wire allows for a low Ohmic connection that does not
cause any significant heat leakage.

A final important change is the thermalization of the diamond chip to
the silver wire in order prevent the spins in the chip from heating up the
cantilever. The expected effect of this is that the thermal bath temperature
around the cantilever can be lowered in such a way that upper bound for
CSL parameters might be improved.

3.2 Resistance Thermometer Data Analysis

The data analysis in this thesis is largely based on the previous work of B.
Van Heck [12], who performed similar analyses for run 56, but has been
modified for this thesis to fit the data from run 58.

During this run, four temperature sensors of the HDL resistance ther-
mometer each measured a voltage value every 5 s between the 25th of
August and 2nd of September 2022, for a total period of approximately
150 hours. In this time, a total of 135,825 usable measurements were saved
to CSV files with their respective date and time of measurement and time
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18 Methods

that has elapsed since the first measurement.

The subsequent data analysis is done using Python. The first step is
to load in the files and convert the voltage to temperature values. The
calibration method is specific to each temperature sensor, and the sensors
that are in this case used are called the M and L sensors. The calibration
implements condition based coefficients that are applied in an exponential
conversion function, with a low bias correction for voltages under a certain
value. Through this method, the sensor temperatures can be calculated.

Before these values can be plotted, there is a time jump in between
measurements that is most likely caused by measurement equipment fail-
ing for a brief period of time. The time jump is removed by modifying the
elapsed time after the jump. Plotting the temperatures

During measurements, the temperature would remain approximately
the same for certain periods of time. Of course, there are temperature
fluctuations in these parts of the data, for which the standard deviation
can be calculated to formulate an error for the temperature,

al 2
or = (T; —(T)) 3.1)
=1

1
(N—1) :

1

Here, (T) is the mean of N temperatures T; in between sweeps.

3.2.1 RC Time

The temperature sweeps of the two sensors in Fig. 4.1 show a decreasein T
that has the form of an exponential decay, characterized by the differential
equation

aT 1
T ;T, (3.2)
where T (s) is the time constant. T can also be defined as a measure
of the voltage response of an RC circuit (see Fig. 3.4), and is in this case
referred to as the RC time delay. Specifically, it is the time it takes to charge
the capacitor to 63% of the voltage [27]. The RC time is given by T = RC,
where R () is the resistance and C (F) the capacitance. We can make an
analogy between T resulting from an electrical circuit and T resulting from
the heat flow Q through a conductor. In this case, the time delay can be
defined as the multiplication of the thermal resistance Ry, (K/W) and heat
capacity Cy, (J/K). From the units it is clear that both are dependent on
the temperature. The thermal resistance is calculated using
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3.3 MFFT Data Analysis 19

Rip = —.

L (m) is the length of the conductor, in this case the silver wire, and A

(m?) is the area of the cross section. The thermal conductivity x (Wm~1K~1)

is found by extrapolating an existing figure using the relation x ~ T [28].
The heat capacity is given by

(3.3)

Cin = CpM, (3.4)

with C) (Jmol 1K) the heat capacity and M (gmol_l) the molar mass.
Cp is determined in the same way as x, where C, ~ T, but through a
different figure [29].

R
o—V/WA 0
Vm C Vout
(o} o}

Figure 3.4: Electrical diagram of a series RC circuit with input voltage V;, and output
voltage Vyut. The resistor has a resistance R and the capacitor has capacitance C [30].

The time constant can be extracted from the exponential decay curves
in Fig. 4.1 by curve fitting. The function that is used for this is the solution
to Eq. 3.2, which is given by

T(t) = Toe ', (3.5)

where Ty (mK) is an initial temperature. The data points that mark the
boundaries of the exponential decay curves are estimated by zooming in
on Fig. 4.1. Since it can’t actually be assumed that M and L sensor have
the same decay rates, the curve fits are applied to both sensors. Two plots
of the best fit estimation of one of the sweeps can be seen in Fig. 3.5. From
the best fits, the RC time delay for each temperature sweep is estimated.

3.3 MFFT Data Analysis

The SQUID in the MFFT monitored the flux fluctuation for the same pe-
riod of time as the HDL resistance thermometer. During that period, it
sampled in increments of 61 s with a sample rate of 500,000 samples/s

19
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Figure 3.5: Plot of the temperature T (mK) two different temperature sweeps over the
time t (s) of the decay (blue) and the best fit estimation of the exponential decay (red).

for a total of 3810 measurements. Before these were converted to voltage
signals through a National Instruments DAQ, they were put in a SRS low-
noise voltage pre-amplifier with a low-pass filter that has a higher cutoff
frequency than the low-pass filter in the MFFT, the latter being a conse-
quence of the LR behaviour of the circuit. The measurements were then
digitally saved as TDMS files.

After these files are loaded into Python, they are filtered to only keep
files of a specific sample size. The files that have a jump in the voltage
due to SQUID failure are left out by setting a upper limit for the standard
deviation of the voltage values. After this procedure, the 3357 data files
that are left are coupled to the HDL resistance thermometer measurements
by date and time.

In order to find the noise spectra, the power spectral density (PSD) of
each measurement is calculated. This is done in the following way:

¢ The discrete Fourier transform (DFT) is taken. The magnitude of the
result is then squared and multiplied by a sample spacing of 2 x
10~ s. The unit of the output is V>/Hz.

* A Hamming window with 50% overlap between consecutive win-
dows is applied to reduce spectral leakage.

* The densities are averaged over 10 measurements to increase the
signal-to-noise ratio. The results are saved as 338 NetCDF files.

The first 50 Hz of the spectra are not included in the analysis. This is
because it contains both unwanted disturbances from pulse tube move-
ment and 1/ f noise. The spectra are cut off at 10 kHz, because the initial
range of the signal is 20 kHz because of the Nyquist, so absolute value of
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3.3 MFFT Data Analysis 21

the Fourier transform only allows the maximum frequency to be half of
this value. The PSD of measurement 0 and 200 are shown in Fig. 3.6.

Dataset # 0, 2022-08-26T22:14:47.000000000 Dataset # 200, 2022-08-29T18:28:25.000000000

Power 5D [V~2/Hz)]
Power SD [V*2/Hz)

10° 10 10* 10° 10* 10t
Frequency [Hz] Frequency [Hz]

Figure 3.6: Log-log plot of the PSD (V2 /Hz) as a function of the frequency (Hz) of data
sets 0 and 200.

The spectra have the shape of a first order low-pass filter with a 3dB
point in the order of 10> Hz. As can be seen, the data set that corresponds
to a later time contains more interference peaks than the first data set. An-
other thing that is noted is that over time the PSD becomes smaller, indi-
cating that the energy of the spectra will also be smaller.

3.3.1 Removing Interference Peaks

The interference peaks in Fig. 3.6 are caused by multiple external sources.
The amount of energy they contain is dependent on their bandwidth. If it
is wide enough, it affects the value of the total energy of the noise spectrum
in such a way that the accuracy is decreased. It is therefore preferable to
reduce the interference in the spectra as much as possible.

The procedure of removing the interference peaks has multiple steps
and is applied to all spectra:

¢ A height threshold of PSD;;;x = 1.7 X 10~® V2/Hz is set. This is
based on the maximum PSD value of the first data set. The data
points that are excluded are replaced by a NaN value.

¢ The data points are divided into 50 Hz bins by selecting the first 305
data sets to process.

* The z-score, which is a measure of how far a point is from the mean
in terms of standard deviations, is calculated for each point.
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22 Methods

* A z-score threshold of Z = 6 is applied to all points (see Fig. 3.7, left).
If the z-score is above the threshold, it is replaced by a NaN value.

* The recurrence is defined as the amount of NaN values of all data
sets divided by the number of data sets processed, per frequency.
This is calculated for all sets, giving an array of values between 0
and 1 for all frequencies.

* A recurrence threshold that changes per frequency is set for all val-
ues (see Fig. 3.7, right). For every data set, the points where the re-
currence is higher than the threshold are filtered out. The remaining
data is labeled as the clean data.

—— z-score threshold 3| ‘!! MINT —— recurrence threshold
35 g, i !

30

25
@
o,
520
o
D5
N

10

recurrence

0 2000 4000 6000 8000 1000 u0g 2000 4000 6000 8000 1000

Frequency [Hz] Frequency [Hz]

Figure 3.7: Left: Plot of the z-score per frequency (Hz) for data set 200, with the z-score
threshold (red). Right: Plot of the recurrence per frequency (Hz) for all data sets, with
the recurrence threshold (red).

3.3.2 Temperature from Flux Noise

Given that the measurement device is a flux noise thermometer, the point
of interest of each data set is the flux noise spectrum. This is found by
converting the voltage noise to a flux noise. The conversion factor consists
of the gain of the pre-amplifier, which has a value of 10, and a sensitivity
of 0.4 V/®y, previously calculated by the Oosterkamp group. After the
application of the conversion factor, the result is the magnetic flux noise
S with units q)% /Hz.

Next, a relation between the flux noise and the thermodynamic tem-
perature is sought. It turns out that the spectral noise power Py is linearly
related to T [23]. It can be calculated using Eq. 2.12. In this case, fo = 50Hz
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Figure 3.8: Dual axis plot of the spectral noise power Pp (m®3) (left) and the resistance
thermometer temperatures Ty.r (mK) (right) over time t (Hours).

and f; = 10 kHz, the reasons for which have been explained earlier. Since
Py is calculated discretely, Eq. 2.12 is replaced by the numpy.trapz() func-
tion.

Plotting the noise power Py together with the resistance thermometer
temperatures gives Fig. 3.8. Clearly, the MFFT and sensors follow the
same path, which is an indication that they are measuring the same tem-
perature. Because the units are different however, it does not yet tell us
anything about how they compare to each other in terms of accuracy.

To find the slope of the relation Py « T, a calibration method that uses
the L sensor results as reference temperature is applied. The power Py and
reference temperature T, ¢ (mK) are plotted against each other. Given that
there are more T,,r values than Py values, T, is averaged over 335 data
points. The plot is given in Fig. 3.9.

Next, a linear fit of the data points in Fig. 3.9 that goes through the
origin is estimated. Since the resistance thermometer is not necessarily
accurate at low temperatures, the fit is done with a reference temperature
above 10 mK. Since there are barely any points between 10 and 100 mK,
the calibration is done between the 212 and 374 mK, because it displays a
set of points that appears most linear out of all other points.

Something to note is that the fit is done to the function y = ax, since at
zero temperature the spectral power also has to equal zero. The fit is there-
fore altered in such a way that it forces the best estimation to go through
the origin. The error can be determined by means of bootstrapping the
chosen data points. While not ideal, given that there are not many data
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points used for the fit out of scarcity, it is the most accurate way of finding

an error for the MFFT temperatures that result from the calibration.
The calibrated SQUID temperatures can then finally be compared to

the resistance thermometer temperatures.

103}

[Sodf [m®2]
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£
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Average Trer (mK)

Figure 3.9: Log-log plot of the power Py (m®3) over the averaged T, £ (mK).
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Chapter

Results and Discussion

The results are centered around the two thermometer types, where the
HDL resistance thermometer is discussed first in section 4.1, followed up
by the discussion of the MFFT results in section 4.2. The latter section also
includes a comparison of the thermometers.

4.1 HDL Resistance Thermometry

14 H = Sensor L
Sensor M
12

S =

Y35 40 S50 60 70 80 @0 100 110 120
t [Hours]

T [mK]

Figure 4.1: Plot of the temperature T (mK) per HDL resistance thermometer sensor over
time t (Hours). The M (orange) and L (blue) sensors show the step by step decline of T
from 15 mK to roughly 1 mK through the NDS.

The temperatures measured by the sensors are plotted against the elapsed
time, shown in Fig. 4.1. The M and L sensors show 11 temperature sweeps
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26 Results and Discussion

that depict the step by step decrease in the temperature T (mK) achieved
through the NDS. In between the sweeps, the temperature stays approxi-
mately the same with some fluctuations. In some cases T increases slightly
before the next sweep as the system heats up again.

4.1.1 Temperature Fluctuations

Section 3.2 described how the fluctuation of the temperatures in between
sweeps could be used to find the temperature mean, which is a way of
expressing the temperatures Ty; and T;, (mK) of sensors M and L that are
reached with each sweep. The corresponding standard deviations serve
as estimates of the statistical errors or,, and o7, of these temperatures. The
values can be found in table 4.1. It also shows the temperature difference
Tyirr (mK).

Table 4.1: Table of the temperatures Ty and Tr, (mK) of sensors M and L respec-
tively and their difference Ty;¢¢. The table also shows their corresponding errors
0Ty and Ty -

TL (mK) | o, | Tv mK) | o7, | Tyigr (mK)
12.93 0.01 |13.17 0.01 | 0.7800
10.06 0.01 | 10.90 0.01 | 0.8394
8.746 0.007 | 9.620 0.007 | 0.8746
7.415 0.008 | 8.326 0.008 | 0.9109
6.11 0.02 | 7.05 0.02 | 095
4.838 0.004 | 5.813 0.004 | 0.9750
3.625 0.002 | 4.625 0.002 | 1.000
2.52 0.02 | 3.52 0.02 |1.01
1.754 0.002 | 2.761 0.002 | 1.007
1.181 0.003 | 2.160 0.003 | 0.9790
0.877 0.006 | 1.825 0.006 | 0.9486

The difference between the temperatures of the sensors is apparent in
Fig. 4.1. Although they appear to follow the same trend, with their expo-
nential decay curves being identical, there seems to be a difference in the
order of 1 mK at all times ¢ (s). Specifically, the mean of the temperature
difference is given by Ty;¢rr = 0.93 £ 0.07 mK. Also notable is that Ty;¢f
increases at lower temperatures. The cause of this difference and why it
increases is due to the fact that the sensors were calibrated with different
polynomials. This means that by extrapolating the temperatures outside
of the polynomial fit range, you can expect a diverging difference as the
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4.1 HDL Resistance Thermometry 27

temperatures become increasingly unreliable. The difference in polyno-
mials is the main reason for the difference, but there are more factors that
call the reliability of the thermometer into question. The sensors were cal-
ibrated in a different setup and then moved to the current one. Since the
calibration for such temperatures is specific to the environment and given
that the material in the sensors can be easily bent, this further increases the
inaccuracy of the thermometer at lower temperatures.

Another thing that can be noted from table 4.1 is the varying standard
error of the temperatures, with some standard deviations differing in one
order of magnitude from each other. This is attributed to certain time peri-
ods in between sweeps having a larger temperature increase than others.
The time in which the temperature remains fairly constant is not the same
in between every sweep, allowing more time for the system to heat up be-
fore the temperature is decreased again. This is also visible in Fig. 4.1. The
effect of this is a lower accuracy for some values of Tys and T7.

Determining whether or not T and Ty follow the same trend, which
is done in section 4.1.2, is a way of telling how accurate they are compared
to each other. This however does not tell us how correct they are in gen-
eral. To be able to say anything else about the accuracy of the resistance
thermometers, they have to be compared to the MFFT. The result of this
comparison can be found in section 4.2.2.

4.1.2 RC Time Delay

As mentioned before, the exponential decay curves of the sensors seem
identical in Fig. 4.1. By calculating the time constant associated with each
curve for both sensors, they can be compared to each other. Fig. 4.2 (left)
shows the time constants of the sensors as the time goes on and the tem-
perature decreases. From the left plot it can be observed that for both
sensors, T (s) grows as the temperature T becomes lower with each sweep.
This relation is exponential, but is represented with a linear line by using a
log-scale for the y-axis. From the best fit estimations it can be determined
that T ~ e2Tt and T ~ e~#™™ for sensors L and M respectively.
Something that can be pointed out from the figure is that sensor M and
L scale differently, while it is expected that they scale in the same way. This
assumption is based on the fact that the sensors supposedly work in the
same manner and therefore experience the same time delays when mea-
suring. However, considering section 4.1.1, the result is not surprising.
The difference in temperature, which increases over time, causes the time
constants of the sensors to scale differently. Consequently, if you were
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28 Results and Discussion

to plot the different T values using the temperatures of only one sensor,
you'd get plots that overlap. The plot for this is shown on the right side of
Fig. 4.2.

The fact that T increases exponentially with T can be attributed to a
delay in the heat flow Q in the silver wire. The heat flow is dependent
on the thermal conductivity x, which in turn decreases with temperature.
This means that for smaller T, it takes longer for the silver wire to achieve
the same temperature at points that are further away from the cantilever.

It is important to point out that the difference in the scaling of T for
the two sensors is not caused by the fact that they each measure a differ-
ent temperature, but because of the aforementioned reason regarding the
polynomial fitting. This can be demonstrated by calculating the heat flow
between the sensors for a temperature difference of 1 mK, assuming that
they are approximate 1 cm apart and the thermal conductivity of silver is
x = 5Wem~!K~!. The resulting heat flow is Q = 1 mJs~!. Given that the
specific heat of PrNis, the cooling element, is Cp,n;, = 1.6 JK~1, the wire
would heat up with 0.6 Ks~1. It can be concluded from this that the wire
could not stay cold long enough if the temperature difference was due to
the sensors measuring a difference, therefore excluding this possibility.

fit of Sensor M L fit of Sensor M

-—- fit of Sensor L - o -—- fit of Sensor L
»  Sensor M 1 »  Samsor M
» SemsorL . . "/' » Sensor L

T[s]
1
T[s]
t
Y

0.2 0.4 0.0 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2
YT [mK™1] T [mK™1]

Figure 4.2: Left: Plot of T (s) over 1/T (mK™!) for sensors M (red) and L (blue),
together with the best fit estimations of the data points. The y-axis has a log-scale. The
temperature difference between the sensors, caused by incorrect calibration, causes T to
scale differently per sensor. Right: The same plot as on the left, but for the case where
sensors M and L have the same temperature values.
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4.2 Magnetic Flux Fluctuation Thermometry 29

4.2 Magnetic Flux Fluctuation Thermometry

4.2.1 Flux Noise Spectra

The temperatures that are measured with a MFFT are based on the flux
noise spectra S¢ (®3/Hz), which are dependent on T and vary over the
frequency. In Fig. 4.3A, two of these spectra are shown together. The
orange colored spectrum corresponds to data set 0 and the blue spectrum
to data set 200, where the index of the data set progresses over time. The
matching temperatures are lower for data sets with a higher index.

The figure shows that at smaller frequencies the energy in the spectrum
is high, but becomes lower at larger frequencies. This is line with what is
expected from a low-pass filter. The cutoff frequency of the filter seems to
be around 300 Hz.

Another thing that can be seen is that for data sets that correspond to
a lower temperature, the flux noise is also lower. Between data sets 0 and
200, S¢ shrinks with a factor of approximately 4. This is in agreement
with Eq. 2.8, where Sg o T. Finding the value of the constant in this linear
relation is left to section 4.2.2.

Furthermore, Fig. 4.3A shows the interference peaks that are present
in the noise spectra. Most of the peaks seem to be present in both of the
spectra, but blue spectrum contains more peaks. This is because at lower
temperatures, the thermal noise in the silver wire is lower, allowing for
peaks previously lower than the noise spectrum too become visible. The
unwanted noise sources can be electrical equipment among other things.
For example, the SQUID feedback and DAQ add a certain amount of noise
to the signals that pass through them. At lower noise spectra, these be-
come more obvious.

A second observation that can be made about the interference peaks
is that they are higher at larger frequencies. This is because the low-pass
filter causes a drop-off of the frequency after the cutoff frequency, making
the interference peaks appear higher than at lower frequencies. There is
also more interference. These two things can most likely be credited to the
noise from DAQ, which processes the signals after an anti-aliasing filter is
applied.

The grey peaks in the graphs are the interference peaks that have been
removed using the method described in section 3.3. Panels B and C specif-
ically show the separated spectra up to 1 kHz, which gives a better visual
of how well peaks are filtered out before the drop-off becomes steep. As
can be seen, the filtering process works well for smaller frequencies. This
is especially the case for the orange spectrum. The blue spectrum does
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Figure 4.3: Panel A: Plots of the PSD of the flux noise S (®3/Hz) of the MFFT as
a function of the frequency (Hz) for data sets 0 (orange) and 200 (blue). The frequency
ranges between 50 Hz and 10 kHz. Panels B,C: The same plots as in panel A, but
separated and zoomed between the frequencies 50 Hz and 1 kHz. The grey peaks in the
graphs are interference peaks that have been filtered out.

show some inclusion of the interference in the filtered data around the
cutoff frequency and above, but the highest peaks in this range have been
removed. Looking at larger frequencies (panel A), less interference peaks
have been removed. This is amplified at lower temperatures, where a lot
of the peaks are still visible in the spectra.

The procedure of removing interference assumes that for every noise
spectrum the peaks appear at the same frequencies. Therefore, the filter-
ing mask that was used during the analysis is based on the first data set
and subsequently applied to all spectra. The type of interference that was
concentrated on stems from electrical noise that is most prevalent at multi-
ples of 50 Hz due to the power grid operating at this frequency. However,
it is possible that peaks from this source also appear at other frequencies.

Image plots, or “waterfall” plots, are a way of showing how well the
filtering procedure manages to remove interference. Besides that, it has an
added benefit of revealing the size of the bandwidth of the peaks, which
indicates how much energy is stored in them. It can therefore convey how
necessary it is to remove interference before continuing the analysis.

The plots in Fig. 4.4 and 4.5 are images that assign a flux noise value
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Figure 4.4: Image plots of the unfiltered (top) and filtered (bottom) flux noise Sq
(®3/Hz) per frequency (Hz) for every data set.

to each frequency of every data set, where the values are represented by
a color from the color spectrum on the right. Fig. 4.4 compares the entire
frequency spectrum of the unfiltered (top) and filtered (bottom) data. Vis-
ible in the top image is that there are significant interference peaks across
all spectra at certain frequencies. They appear a bit above 1 kHz, between
2 and 3 kHz and between 5 and 6 kHz. However, none of these frequen-
cies are distinguishable as originating from a specific source. Their band-
widths are also not especially large compared to the rest of the spectrum.
By comparing with the bottom image, it is clear that the filtering works at
least partially. While some lines are still visible, they are less distinctive.

Fig. 4.5, which is cut off at 1 kHz, zooms in on the smaller frequen-
cies, where the energy of the spectrum is much higher. Comparing the
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Figure 4.5: Image plots of the unfiltered (top) and filtered (bottom) flux noise Sq
(D3 /Hz) per frequency (Hz) for every data set, zoomed in between 0 Hz and 1 kHz.

unfiltered and filtered images shows that almost all frequently appearing
interference peaks have been removed. Hence, it can be concluded from
the filtering results that the process works well for frequencies below the
drop-off of the low-pass filter.

Something else to notice from the images is that there are blocks where
multiple data sets have approximately the same PSD values. The reason
for this is that the temperature was decreased bit by bit. Fig. 4.1 and 3.9
show how the temperature is changed in sweeps over time.

Lastly, to know exactly how the filtering affects the rest of the analy-
sis, the noise powers of the filtered and unfiltered spectra are compared
to each other in Fig. 4.6. It shows that removing the interference peaks
does influence the amount of energy in each spectrum. The filtered line
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4.2 Magnetic Flux Fluctuation Thermometry 33

runs smoother than the unfiltered line, and is consistently lower across
the relevant data sets. It can be said that filtering the spectra is a necessary
component in processing the MFFT data.

—— filtered data
unfiltered data
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Figure 4.6: Plot of the noise power Py (m®3) per data set for the data that had the
interference peaks minimized (blue) and the raw data (orange).

4.2.2 SQUID Temperatures

Section 3.3 mentions that the data points follow a lienar trend that has a
slight negative offset. However, the linear function is forced to go through
the origin to satisfy the equipartition theorem. This results in a best fit
estimation that has a smaller slope than the data points, as can be seen in
Fig. 4.7 (left). The result of this is a less accurate calibration of the MFFT
temperatures. The right side of the figure shows that the line goes through
the origin, but that it again deviates from the data points. However, since
these data points occur below 10 mK, comparing them to the calibration
line is at any rate not entirely accurate.

The accuracy of the calibration could be improved if there were more
data points to fit with. However, as can also be seen in Fig. 3.9, there
is barely any data between 10 and 100 Hz. The reason for this is that af-
ter the NDS, the environment was very quickly heated up again, leaving
little room for measurements to be done in that time period. This time
coincides with the silver wire being in this temperature range, causing the
temperature gap.
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Figure 4.7: Left: Calibration of the P (m®}) data points between T,.s = 2 x 10> mK
and Tror = 4 X 10> mK. Right: Calibration line with respect to Ty, £ below 10 mK, where
it is visible that the line goes through the origin.

The result of the calibration is a slope of 4 = 4 x 10® m®3. It is then
possible to calculate the SQUID temperature by dividing Pg with 4, result-
ing in the plot in Fig. 4.8, which shows how the temperature T of the two
different thermometers evolves over time t (Hours).

SQUID thermometer
— sensor L
— sensor M

12

101

T [mK]

0 10 20 30 0 50 60 70 80
t [Hours]

Figure 4.8: Plot of the temperature T (mK) of the MFFT and resistance thermometer
over time t (Hours).

The SQUID temperatures show a notable amount of gaps. This is due
to the fact that the MFFT data sets contain a significant amount of time
jumps. This can likely be attributed to equipment failure during the mea-
surement period. Besides that, it can be observed that the different ther-
mometers follow the same temperature sweep path, but their tempera-
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tures don’t line up. In fact, they differ with 1-2 mK. Since the MFFT relies
on the thermodynamic temperature, it is more accurate than the HDL re-
sistance thermometer. This implies that the latter does not work perfectly
for temperatures lower than 20 mK. However, the error in the calibration
of the SQUID temperature has to be taken into account. At around 11 mK,
the MFFT aligns the most with one of the sensors (M). Returning to Fig.
4.7, it can be seen that at this temperature the data points and fit function
touch. As the temperature decreases from there, the data points and fit
line deviate further from each other, which can again be observed in Fig.
4.8. Although the inaccurate fit does not allow for any solid conclusions,
it can be assumed that based on this the MFFT and resistance thermome-
ter temperatures would line up with a better calibration. In fact, this is
confirmed by previous work of the Oosterkamp group [12].
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Chapter

Outlook and Conclusion

5.1 Thermometer Accuracy

51.1 Comparing Thermometers

Chapter 4 extensively discussed the results of this thesis, which predomi-
nantly focuses on the accuracy of the HDL resistance thermometer and the
magnetic flux fluctuation thermometer. It is especially considered how ex-
actly they compare to each other, the outcome of this being that at no time
do the two thermometers completely line up in temperature. The differ-
ence ranges between approximately 1 and 2 mK, which is significant given
that the range of interest is in the order of 10 mK. This means that there
is at least a 10-20% uncertainty about the measured temperature of the
cantilever with these specific results.

There are a few additional things that have to be considered when it
comes to how well the thermometers can be trusted. One of them is the
fact that the MFFT is a primary thermometer, which makes it inherently
more accurate than an externally calibrated resistance thermometer. The
aim is to ascertain whether the latter thermometer compares well enough
to the MFFT, so that it can be used as the main thermometer instead. This
is because it is much easier to perform data analysis for the resistance ther-
mometer due to smaller file sizes and less elaborate voltage to temperature
conversions.

Of course, in order to make this step there first needs to be a confirma-
tion that the primary thermometer actually measures the thermodynamic
temperature. Run 58 does not verify this because of the uncertainty of the
MEFFT results, which are affected by two different types of calibration. The
first is the calibration of the reference temperature, from sensor L, which
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was done with a polynomial fit that becomes increasingly less accurate as
the temperature moves further away from the temperature at which the
calibration was done. It should also be noted that sensor L was arbitrarily
chosen over sensor M as the reference sensor, but given that they have a
temperature difference, it cannot be said which one is more accurate. The
second calibration is that of the MFFT to the reference temperature, which
is done through a forced best fit estimation. This causes the results to not
fully match the linear relation between the flux noise and temperature,
therefore also contributing to inaccuracy.

To overcome this in upcoming runs, there should be careful considera-
tion for the temperature range that is most optimal for flux noise calibra-
tion. Specifically, the calibration should be done at temperatures of known
superconducting transitions at which the HDL resistance thermometer is
calibrated. In fact, due to the change in environment, it is advisable that
the resistance thermometer is re-calibrated in the same dilution fridge as
the experiment and MFFT. There should also be plenty of measurements
at these temperatures in order to do the most accurate fit.

Finally, it should be remarked that the results of run 56 [12] do show
an alignment of the MFFT and resistance thermometer temperatures over
time, indicating that the resistance thermometer is most likely a good fit
as the main thermometer of the experiment.

5.1.2 Interference Peaks

The removal of the interference peaks of the flux noise power spectral den-
sities turned out to work better for lower frequencies than for higher fre-
quencies. This is a suprising result, given that the filtering method does
not necessarily favor certain frequencies. It might stem from the height
threshold, which mostly minimizes peaks at the highest part of the spec-
trum due to it being constant over the frequency. This conclusion suggests
that the z-score filtering works less well than intended, and could possibly
be altered in the future to work better at higher frequencies.

Naturally, it should be considered how much effect the removal of the
interference has on the results. The image plots in section 4.2.1 show that
the frequently occuring peaks are lines that are thin compared to the rest
of the spectra. However, from the comparison of the filtered and unfil-
tered flux noise it can be concluded that removing the interference peaks
does have a clear positive effect, meaning that even though the peaks are
thin, they do hold a fair amount of energy. Besides filtering, it is therefore
important to find the cause(s) of the major peaks and effectively eliminate
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them.

5.1.3 Thermometer Time Delay

For the resistance thermometer, the time delay was discussed in terms of
a time constant, which exponentially scales with the temperature. For a
follow-up of this thesis might be interesting calculate the RC time con-
stants according to literature values in order to explain this behaviour
properly.

For future experiments,the time delay of the MFFT can also be consid-
ered. This could not be examined in run 58 due to there not being enough
temperature data points near the exponential curves.

5.2 Towards CSL Measurements

This thesis originally intended to mainly focus on the cantilever measure-
ments of run 60. However, these could not be performed in time because
of a few issues with the experimental setup that prevented the silver wire
from cooling down to its desired temperature. The first issue is that the sil-
ver wire was touching another wire that is thermalized to a a plate above
the mixing chamber plate. This happened because as the environment
cools down, the material of the wire can deform slightly and move. The
second problem was caused by the twisted pair wire going through the 4
K plate. A faulty O-ring caused the OVC and IVC to not be completely
sealed off from each other, creating a gas leak. The resulting unwanted
thermalization of the plates caused difficulty in the cooling process.

Both of these oversights are easily fixable, so that the next run can most
likely implement cantilever measurements with the improved setup.

5.2.1 Improving Upper Bounds

In order to continue setting upper bounds for CSL, it is essential to further
improve cryogenic cooling. As previously suggested by Van Heck et al.
[12], this may be achieved by implementing another nuclear demagneti-
zation stage. Through this, the cantilever might be further cooled down to
temperatures that are consistently below 1 mK. This would make it eas-
ier to successfully perform cantilever measurements that can redefine the
red colored upper bounds of Vinante et al. [11] in Fig. 2.1 to the black
dashed line. Although this is still many orders of magnitudes away from
the proposed CSL parameter values of the GRW-model, it is a step in the
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right direction to possibly one day measure the effects of CSL and explain
measurements at the quantum scale.
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