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Abstract

The mystery of Dark Matter in our universe has puzzled scientists over the past century,
and a large number of experimental ventures have been conducted hoping to nd an an-
swer. The Weakly Interacting Massive Particle (WIMP) is a well motivated dark matter
candidate with a number of direct detection experiments dedicated to nding WIMPs or
excluding them from being the solution to the dark matter problem. SuperCDMS is a cryo-
genic dark matter experiment with semiconductor detectors currently being constructed in
the underground low background laboratory SNOLAB, with plans to begin taking science
data in 2023. The Cryogenic Underground TEst (CUTE) facility is presently operating
at SNOLAB to test the detectors which will go in the SuperCDMS experiment, and per-
form preliminary science runs using SuperCDMS detectors in a low background, low noise
environment. Calibrations of detectors is critical in order to understand and quantify the
signals which they produce. The design, construction, and testing of the neutron cali-
bration system planned to be installed in CUTE are highlighted, and an analysis of the
collection e ciency of a detector was conducted by identifying the signal associated with
IGe decay. This thesis also discusses the contributions to the improved performance of
CUTE through noise studies, and cooldown optimization.
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Chapter 1

Dark Matter

Humans are curious creatures, and one quality that we have is that as a species we are
constantly expanding our collective knowledge and try to understand and make sense of
the world around us. An early theory by pre-Socratic philosophers stated that all matter
was created from four principle elements; Earth, Water, Air, and Fire [1]. Centuries later
philosophers like Plato suggested the di erence between materials we experience is the
shape of their fundamental particles; water is made of rounder icosohedron shaped parti-
cles, while metal is made of rigid cubes and re from tetrahedrons[2]. Greek philosophers
continued to re ne the theories of their philosopher predecessors, and as the theories ad-
vanced, they began looking outwards for clues about the makeup of the earth and universe
rather than solely inwards. As astronomy was included in the evidence for the make up
of the universe, the geocentric theory became widely accepted; that the earth sits at the
center of the universe with all other celestial bodies orbiting around it. The reason why
this theory was so convincing was that by making complex models of how the planets in
our solar systems orbit, it was able to predict with high accuracy the frequency of events
such as transits or eclipses. Geocentricity lasted as the widely accepted model frdfn 4
Century BC when Plato and Aristotle wrote their theory, to the Ptolemaic model which
expanded the notion of other celestial bodies orbiting earth on nested spheres until the
16" and 17" centuries [3]. Renaissance mathematicians like Copernicus, Kepler, Galileo,
and Newton presented a mathematical model based on concrete evidence about the mo-
tion of planets, primarily Mercury, in our solar system that showed that heliocentricity is

in fact the correct theory of the solar system [4]. In heliocentricity the sun is the center



of our solar system, as opposed to the earth. Newton further explained this observation
by introducing the concept of gravity, an attractive force proportional to the mass of the
body in question.

Around the same time as Newton was doing his work looking out, other physicists
were looking inward, attempting to understand the fundamental particles which make up
everything in our universe. Theories evolved from the simple solid sphere describing an
indecomposable particle (an atom) by the early greek philosophers and further re ned by
Dalton, to more complex models including the inner workings of an atom showing that
they are composed of an electrons (Thomson) orbiting a nucleus (Rutherford) at de ned
energy levels, or orbitals (Bohr)[5]. In the 20th century, as further experiments probed
the inner structure of the atom, and the other fundamental particles, pieces of a unifying
theory of the universe and its components was beginning to form, but there were still
many gaps and problems.

The problems were also presenting themselves at the same time in astronomy; Lord
Kelvin proposed a procedure by which one can approximate the amount of mass in an
orbiting system. By looking at the velocity of the particles at varying radii in a system, you
can estimate the amount of mass contained since the gravitational force holding the object
in orbital motion is proportional to the mass contained in the system. A few decades later
Zwicky, a Swiss astronomer applied the virial theorem to a galaxy cluster to approximate
the mass of the cluster and is credited as the rst to propose the necessity of dark matter
[6]. He found a large discrepancy between the accounted for mass emitting light and the
calculated total mass of the cluster; the total mass was a factor of 400 higher than was
accounted for by visible objects [7]. As telescope technology advanced, observations of
the orbiting velocity of celestial objects within galaxies were able to be made with Rubin
and Ford making an observation of the rotation curves of the Andromeda galaxy in 1970
[8]. Depending on the assumed shape of a galaxy, in this case a spiral galaxy, one can
predict the velocity distribution of stars in the galaxy as a function of their distance from

the center of the galaxy. The rotational velocity of an object in an orbit with radius is



given by:
v — (1.1)

whereG is the gravitational constant, andM is the mass contained in a sphere of radius
r around the centre of mass of the system. For a galaxy with the majority of the mass
contained at the center, one would expect the velocity to drop o as ', but what
Rubin and Ford found is that the velocity plateaus indicating a signi cant contribution
of matter at greater distances from the center of the galaxy.

Shown in Figure 1.1 is a more recent measurement of a galactic rotation curve, but
the conclusion is consistent with what Zwicky and Rubin had found; accounting for only
the known mass in the system (the visible stars in the disk, and the calculated gas density
based on star formation rate and size), a large fraction of mass is missing, and unaccounted
for [9]. Zwicky coined the explanation for this anomaly as Dunkle Materie (DM), since he
assumed there must be more mass present in the galaxy that we cannot see, hence calling

it dark.

Figure 1.1: Rotation curve of the NGC 6503 galaxy. Shown are the expected velocity distributions if
accounting for only the contributions from the disk and gas of the galaxy, the observed
velocities of gas in the galaxy, and the suspected Dark Matter halo to account for the
discrepancy between the anticipated and observed velocities of the galactic gas [9].



Having a single observation to support a new theory is insu cient, so researchers
looked for other metrics which might be able to contradict this propose®ark Matter,
but instead what they found are more questions highlighting the shortcomings of the
model without Dark Matter.

Gravitational lensing was predicted by Einstein's theory of general relativity [10]. Since
massive objects curve space itself, when the emitter (distant galaxy) and the observer
(earth) are co-linear with a large massive object, light that travels around the massive
object and gets bent as it would in a lens. In ideal scenarios, the light originating from
the source can be bent and observed on both sides of the central massive object, and in
the perfect scenario an Einstein Ring can be formed where light travels around all sides of
the massive object. Figure 1.2 shows the lensing e ect and an observed example of such
lensing. Scientists are able to calculate the mass of the foreground object and its relative

location based on the magnitude of the lensing that occurs.

Figure 1.2: (Left) Diagram showing gravitational lensing where the orange lines show the perceived
path of the light and point to the apparent location of the galaxy, but the white lines show
how the light is bent around a massive object in the foreground such that light emitted
from the same source can reach the receiver via two di erent paths. (Right) An Einstein
ring observed of galaxy cluster SDSS J1038+4849 nicknamed the Cheshire Cat. Image
sources:[11][12].

In some colliding galaxy clusters, which is the astronomical result of two clusters
of galaxies colliding and passing through each other, interesting observations are made.
Rather than the true center of mass of each galaxy being cocentric with the observable

center of mass of the galaxies, they are further apart. The majority of mass of galaxies



comes from gas in the intermediate spots of the galaxy, and this gas can be observed by
the x-ray emission from relaxation of the excited state of the atoms [13]. Here, as the two
galaxies collided and pass through each other, since the dark matter is thought to be less
interactive than \regular" matter, it passes through without much delay, whereas the gas
undergoes more interactions and local e ects from the other galaxies making their mass
concentration closer to the center. The observation of a discrepancy between the centre of
mass of baryonic matter and the centre of mass deduced from the lensing measurements
is shown in Figure 1.3 of a galactic collision of two clusters named the Bullet Cluster. The
gravitational lensing strength, shown as a purple hue, indicates where the e ective centre
of mass is located, whereas the center of mass determined by accounting for the visible
mass and x-ray emission from the galactic gas in the two galaxies is closer to the center

in the pink hued area [14].

Figure 1.3: Bullet Cluster; Two galactic clusters 1E 0657-56 who recently collided. The dark matter
passes through with minimal interaction and is concentrated in the purple areas, as deter-
mined by gravitational lensing. The visible \regular" matter remains closer to the center in
the pink hued area with location determined by x-ray emission from gas Source: [15].

At the beginning of time in the early universe, all matter was contained in such a
hot dense volume that matter was unable to form in any coherent small scale structure
because the radiation present would immediately ionize and break down the structure.
As the universe expanded and cooled, atoms formed as the photons from the blackbody

thermal radiation decreased in energy to the point where they could no longer ionize and



break apart atoms and larger atomic structure [16]. The photons that remained after this
threshold was reached where they could no longer interact and ionize the matter around
them form the Cosmic Microwave Background (CMB) which we can still observe today.
The photons have been red-shifted as the universe has continued to expand, to the point
where the temperature associated with the photon blackbody spectra is 2.7260.0013 K
[17]. This background is primarily homogeneous, however looking at the ne di erences
in the photon spectra coming from di erent parts of the sky yields information about the
composition of mass in the universe. Figure 1.4 shows the cosmic microwave background

as measured by the Planck collaboration[18].

Figure 1.4: Cosmic Microwave Background measured by the Planck collaboration. Colour map shows
the variance in temperature from di erent parts of the sky. [19]

At rst glance, the CMB appears very complex, but calculating over what angular
scales the di erence in temperature variance is present, further conclusions can be reached.
The Planck collaboration did just this, as shown in Figure 1.5: the rst peak is related
to the total contributions of both baryonic and non-baryonic matter to the calculation of
the overall atness of the universe which also requires knowledge of the amount of dark
energy present in the universe. The second peak is related to the amount of baryonic
matter present; if the peak was located at a higher multipole moment, this would suggest

that the density of baryonic matter could have been higher. The problem with this is



that as the density increases, more interactions coming from the photons from the heat
associated with being so dense will want to push the baryons apart. This \pressure" of the
baryons pushing against each other reaches a point at which the baryonic matter could
not sustain a high density, and therefore cannot exist at such a ne angular scale in the
CMB. The third peak must be accounted for by a form of matter which does not interact
as strongly with photons, since it did exist at higher multipole moments, indicating the
\push-back" pressure from the heat associated with being incredibly dense has less of an

e ect as it did for baryonic matter [20].

Figure 1.5: Variance in the temperature uctuations of the CMB over di erent energy scales. The
relative heights of the rst three peaks can be used to calculate the abundance of dark
matter and baryonic matter in our universe.

Analysing the relative heights of these three peaks, one can solve for the density of
the baryonic and non-baryonic (assumed Dark Matter) present in the early universe. The
results of the Planck collaboration yielded[18]:

ph? = 0:0224 0:0001 and ch?>=0:120 0:001 (1.2)

where 4 is the baryonic density, . is the dark matter density, both in units of critical



density andh is the reduced Hubble constant. This shows that the amount of Dark Matter
present in the early universe was ve times as much as the baryonic (regular) matter.

The rst step after learning of the existence of matter should be to investigate whether
it is actually one of the known forms of matter. The current uni ed theory of the funda-
mental particles in our universe which has been developed and appended over the past 70
years is called the Standard Model of Particle Physics [21]. Looking at the particle content
of the standard model shown in Figure 1.6 we can immediately dismiss the quarks, since
they are the components which make up baryonic matter which cannot be a dark matter
candidate due to the issues that arose when looking at the CMB[18]. The non-neutrino
leptons are not suitable candidates since they interact too strongly with electromagnetic
elds, and studies have shown that the neutrinos are too light to account for all of the
dark matter [22]. Of the remaining bosons the gluon and photon can be dismissed since
they are massless, and the others are too short lived to be a viable candidate for dark

matter.
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Figure 1.6: Standard model of particle physics showing the fundamental particles and their classes.
Image source [23].

While a plethora of dark matter candidates have been proposed, | will only touch on
the most common candidates where active experimental searches are presently being done.
The Weakly Interacting Massive Particle (WIMP) is a class of dark matter candidate

which was originally highly motivated as a dark matter candidate due to the "WIMP
Miracle'. All proposed candidates must have had a mechanism for their creation in the
early universe, and some mechanism of interaction also will dictate how it may interact
with regular matter, or annihilate. The WIMP miracle is that for the given cross section
and mass of this proposed class of particle, the abundance we would expect in the universe
at this point in time matches the abundance seen through astronomical scale observations.
The WIMP would have a mass in the GeV/é to TeV/c ? range and would interact with

the standard model weakly (hence the name), either through the weak interaction, or by
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other forces not yet known which have even weaker coupling [24]. Some recent papers
have suggested a Higgs-portal model whereby dark matter interacts with regular matter
by the exchange of a Higgs boson[25].

Other dark matter candidates include the Massive Astrophysical Compact Halo Ob-
jects (MACHOs, large astronomical bodies that do not emit light), or the Dark Photon,
and a second class of solutions to the DM problem instead look to nd an explanation
for the observations which would not rely on DM, like MOND or cosmic dust [26][27][28].
Each of these are motivated for di erent reasons and have collaborations around the world
spending time to search for these candidates. Until people nd evidence that their candi-
date is more favoured over others, many options will be pursued in parallel.

\The electron: may it never be of any use to anybody!" was a quote that J. J. Thomson,
the physicist who discovered the existence of the electron and won the Nobel prize for his
work in 1906 [29]. Such is the nature of advancing the collective human understanding
of the universe and its components; striving to discover, without yet knowing its future
purpose and use. The problem of Dark Matter is di erent than the advances in particle
physics which came before; we know that DM must exist, but do not know in what form
we will discover it.

Since the discovery of the form of dark matter is presently unknown, many experiments
attempt to nd it using di erent techniques, each providing strength in unique regions of
where DM might be hiding. We know that all matter originated in the Big Bang, so there
should be some form of interaction between DM and Standard Model (SM) particles. The
initial breakdown of experiments hoping to nd this interaction in WIMP-like candidates
Is into three primary classes which di er by the direction of the interaction they hope to
observe; Production, Indirect detection, and Direct detection, nicknamed the \Make it,

break it, or shake it" detection methods as summarized in Figure 1.7 [26].
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Figure 1.7: 3 classes of Dark Matter searches. Arrow direction indicates the direction of time in each
method; Indirect has two DM patrticles turning into SM, Direct has an interaction between
SM and DM resulting in SM and DM, and production where two SM particles turn into
two DM patrticles.

The production, \make it", method occurs with experiments who collide SM particles
together in an attempt to create the DM. By setting up large detectors surrounding the
collision site, which would be the location of DM creation, these collider collaborations
measure all of the momentum of SM particles emitted from the collision and hope to
nd evidence of some unaccounted momentum which would be carried away by the DM
particle. At the Centre European Researche Nuclear (CERN) this work has been ongoing
for many years, accelerating and colliding protons at center of mass energies on order of
10TeV in the Large Hadron Collider (LHC). One class of dark matter candidates that
CERN is looking for are the SUper SYmmetric (SUSY) particles which are the partners
to the SM bosons and fermions but much greater in mass, with the spin values di ering
as well (a selectron, the SUSY partner to the electron would be a boson for having an
integer-valued spin rather than a half-integer-valued spin that fermions do)[30].

Indirect, "break it", searches focus on nding when two dark matter particles interact
with each other, possibly annihilating, releasing a SM signal which can be detected. If
this interaction occurs, one would expect an excess of SM patrticles originating from areas
of high density dark matter. Large scale experiments such as IceCube, or P-ONE use ice

and ocean water as a medium to detect Cherenkov light coming from the leptons emitted
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after high energy neutrinos interact, and are able to search for dark matter candidates
in this fashion[31]. If an excess of neutrinos with a specic energy distribution is seen
directionally from the center of the earth, or the sun, these experiments could infer this
excess to be dark matter annihilating releasing the neutrinos that they detect. Telescopes
sensitive to gamma ray bursts, like the Cherenkov Telescope Array (CTA), or balloon
and satellite based experiments which can detect particles coming from space before they
interact with our atmosphere are also able to set limits on Dark Matter candidates based
on the signals they see (or rather, the signals they have not yet seen con rm what dark
matter is not)[32].

Direct, \shake it", detection requires a DM particle to interact with a SM particle
in a controlled, detectable setting. Many factors contribute to whether a DM particle
interacts or not, but the common two features generally used to compare results between
experiments are the interaction cross section, and the DM particle mass. The DM patrticle
mass (among other DM and detector characteristics) is important in determining the
amount of energy deposited in the interaction, especially as the DM candidate mass which
experiments search for gets lighter.

In the wide range of direct detection DM experiments, some have the strategy of
pushing the interaction cross section lower, by building their experiments big - having an
arrow hit a bullseye on a target from great range is di cult, but becomes easier if you
have the ability to set up 1000x as many targets. LUX-ZEPLIN (LZ) collaboration is such
an experiment taking this approach. Currently under construction to build a 10-tonne
liquid xenon detector, when operational the experiment will be able to probe an order
of magnitude lower into the WIMP-nucleon cross section than previous experiments with
published data [33]. Other experiments aim to make their mark by lowering the threshold
energy of detection of events by advancing the detection technology. SuperCDMS, col-
laboration takes this approach, using cryogenic temperature Ge and Si detectors which
will have event thresholds lower than other technologies, opening the door to probing DM
candidates with lower masses. Further discussion of this experiment will be highlighted

in Chapter 3.
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The technologies which collaborations utilize to build their experiments also di er to
allow for the science community as a whole to search for di erent interaction speci cs in
parallel. Figure 1.8 shows a sketch summary of the main detection methods; phonons are
generated proportional to the energy deposition causing vibrations, charge is the mea-
surement of ionization of the detecting material by incoming particles and radiation, and
light is the measurement of photons emitted as a result of an interaction. Further special-
ization is made by some experiments who purposely design their experiments around an
interaction property not accounted for by others, so that if DM does interact using this

special channel, those experiments will be able to detect it.

Figure 1.8: 3 classes of Direct detection Dark Matter searches. Phonon experiments measure the vibra-
tions, and heat directly coming from the energy deposited in detectors. Charge experiments
rely on the ionization of the detector material and collecting the charge to determine event
energy. Light experiments measure the scintillation light coming from the detector material
as it relaxes after an interaction. Image source: [34].

PICO is a bubble chamber experiment, where a uid is superheated in a controlled

environment such that the liquid is in a state where for the pressure and temperature
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it should be in gaseous form, but rst a small local volume of material in gaseous form,
called a protobubble, is required. A small amount of energy needs to be deposited in
a local area to push the uid over a threshold where the surface tension of the growing
bubble is overcome by the entropic desire for the uid to be in gaseous form. What is
special about PICO is that their uid contains high levels of uorine atoms which have
an odd number of nucleons so the nucleus has a net spin [35]. If the DM interaction is
spin-dependent, an experiment like PICO would be able to detect it.

If an experiment nds no evidence of dark matter, they will determine exclusion limits
indicating the cross section and mass combinations of WIMP candidates which are not
consistent with the experimental nding of an absence of a signal above the expected back-
ground. To compare the results of various experiments, the exclusion plots are compiled
together, as in Figure 1.9 where published results appearing as solid lines, and anticipated
limits from upcoming experiments in dashed lines. The general rule of thumb is that larger
experiments can probe smaller cross sections, and experiments with lower event energy

thresholds are able to probe lower mass limits.

Figure 1.9: Exclusion plot of the most commonly proposed dark matter interaction method of various
experiments. The anticipated limit of future experiments shown as a dashed line, and
published results shown as solid lines. Image source: [36].
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The search for DM is a team e ort from the entire particle physics community. While
it may seem like a race to nd a DM signal, or rule out more parameter space where DM
does not exist, having all of these di erent experiments allows the collective knowledge
of them all to be combined to make big statements. As results are published, the vision
and direction of the science community is updated to re ect the need to Il in our gaps

of knowledge.
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Chapter 2

Cryogenics Background

Cryogenics is de ned as \the branch of physics dealing with the production and e ects of
very low temperatures” [37]. There are a number of di erent cooling principles which have
been developed over the past century, each with unique strengths ranging from reliability,
colder base temperature, ease of operation, and minimal noise for experiments. To get
to temperatures below 500 mK there are two primary classes of refrigerators: Adiabatic
Demagnetization Refrigerators (ADR) and Dilution refrigerators (DR). Both methods rely
on understanding the entropy of the active cooling quantity and adjusting a secondary
quantity such that the temperature of the material must compensate to maintain the
entropy [38].

Both ADR and DR refrigerators typically will have two main cooling mechanisms.
The rst is responsible for getting the system from room temperature to liquid helium
temperatures, while the second continues the cooling to base temperatur®get fridges
accomplish the pre-cooling using liquid nitrogen followed by liquid helium to cool to those
substances' respective boiling points (70K and 4 K).

An optional external recapture mechanism takes the boiled-o helium and lique es
it to be reused. Dry fridges use a cryocooler which performs an isentropic expansion
of helium gas in a loop to cool to temperatures below 3K [39]. Temperature can be
further reduced by exploiting the vapour pressure of helium; in a fridge, if a volume of
liquid helium is present, by pumping o the evaporating helium above the liquid, helium
from the liquid will evaporate to maintain the vapour pressure set by the entropy of the

gas. Undergoing the phase transition to gaseous form requires energy which is drawn from
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the surroundings, further cooling the helium bath at this stage. Under these conditions,

fridges are able to achieve temperatures down to about 1K.

2.1 Adiabatic Demagnetization Refrigerators

Adiabatic Demagnetization Refrigerators use an operating principle which leads to a sud-
den drop in temperature, and the experimental stage will be thermally isolated as much
as possible once cold since the cooling provided is nite and will need to be reset. The
experimental stage, and a magnetic refrigerant (ex. paramagnetic salts, or Nuclear De-
magnetication materials such as Copper) are cooled from the pre-cool method using a
heat switch, a mechanism in which you have control over whether it thermally conducts
or not.

Heat switches are typically either a gas gap or superconducting heat switch. The gas
gap has two closely placed thermal plates which are physically separated and in order to
link the two thermally a gas (typically helium) must be present to act as a conductor.
When it is time to isolate, the gas is pumped out, e ectively switching o the thermal link
[38]. Superconducting heat switches work on the principle that superconductors are poor
thermal conductors, so implementing a link between two stages with a material which
would typically be a superconductor thermally isolates them. If you want the two stages
to be thermally linked, adding an external magnetic eld of su cient strength can force
the superconductor normal.

Before the heat switch is turned o, a large external magnetic eld is applied to the
magnetic refrigerant, aligning the dipoles in the material (which is an exothermic process).
The heat switch is then turned o once the stages have equilibrated with the pre-cool with
the magnetic eld on. The magnetic eld is then turned o, allowing the aligned dipoles
to relax. Since unaligned dipoles are more chaotic than aligned and the system wants
to increase its entropy, a second parameter, temperature, must compensate for this. The
energy to unalign the dipoles comes from the thermal energy of the surrounding material,
including the experimental stage. The magnetic eld can either be turned o all at once to

achieve the lowest possible temperature, or gradually over time to maintain a stable base
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temperature. The experiment stays cold until the magnetic eld is exhausted and heating
from various sources brings it above temperatures at which useful science can be done. At
this point, the magnetic eld can be turned back on, the heat switch can be reapplied, and
the fridge can be reset to cool again. The advantage of ADRs is they can achieve ultra low
temperatures especially when added onto an existing dilution refrigerator, are typically
much cheaper than the only other alternative to achieve temperatures below 300 mK, and

have less parts to maintain.

2.2 Dilution Refrigerators

3He and“He have very di erent properties at low temperatures. Once a mixture of helium
with both isotopes present has reached a temperature lower than the critical temperature
of 870mK there is phase separation between concentratéide and a mixture of*He and
“He. In the latter helium liquid, there is a maximum concentration offHe at a given
temperature and the mixture here is called the dilute phase. If the concentration 8He

in the dilute phase of the mixture is reduced®He will migrate across the phase boundary
to rebalance the concentration. SincéHe has a much higher vapour pressure thatHe
around 1K, there is preferential evaporation ofHe in the dilute mixture at the stage held
at this temperature, called the still. This evaporated gas is then pumped away using a
mixture turbo pump so that more *He can evaporate in an attempt to maintain vapour
pressure. The heat required to evaporate théHe is taken from the still stage, cooling
it. This reduction in concentration in the still will be accounted for at the interface of
the 3He/*He liquids at a location called the mixing chamber.®He migrates across this
interface, which is an endothermic process since the binding energy betweééte-He
atoms is higher than betweer’He-*He but the entropy of 3He in the dilute mixture is
higher than in its concentrated form which drives the process. The heat required for this
dilution to occur is taken from the experimental stage [38]. In some cases a low power
heater will be applied at the still to promote greater evaporation ofHe which would
require more dilution at the Mixing Chamber to compensate, driving the temperature of

the experimental stage lower.
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To operate the dilution refrigerator continually, a mixture circulation loop cycles the
removed3He from the still out to room temperature and eventually reintroduces it at the
Mixing Chamber on the concentrated side. The mixture circulation loop of a dry dilution
refrigerator can be summarized by looking at Figure 2.1. Beginning with warfiHe gas, it
Iters through a cold trap to remove contamination, and enters the fridge at the injection
line. The gas is precooled by some method depending on whether it is a dry or wet fridge.
The gas passes through an impedance allowing the gas to expand and cool coming through
the impedance orface, and depending on the speci c refrigerator this can occur before,
between, or after the 60K and 4K stages. The gas is further cooled by helium returning
from the mixing chamber through heat exchangers at various temperature stages, as it
moves towards the concentrated phase of the mixing chamber. In the mixing chamber,
the 3He undergoes dilution as explained above, and begins its path back out of the fridge.
The ®He migrates in the dilute phase to the still where it evaporates and is pumped
out by a room temperature turbo and scroll pump. The main advantage of this type of
refrigerator over ADR is that is can maintain a constant temperature continually, whereas

ADRs require the magnetic eld to be cycled, typically daily.
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Figure 2.1: Schematic of the mixture circulation loop of the dilution refrigerator as used in CUTE. Warm
He is cooled by cold outgoing gas through heat exchangers on its way into the refrigerator.
After passing through a series of thermal stages, théHe reaches the mixing chamber where
it transitions through the phase boundary to maintain 3He concentration in the dilute phase,
drawing heat from the thermal stage to do so. Gas migrates to the warmer still stage where
3He evaporates due to the high vapour pressure and is pumped away by room temperature
pumps.

2.3 Cryostats

The refrigerators by themselves can provide cooling power, but this is only useful if it
can apply the cooling to an experiment. Cryostats are a series of nested thermal layers
which are thermally linked to the various temperature stages of the refrigerator, and are
rigidly attached together, but as thermally isolated as possible. The entire cryostat is held
under vacuum to remove the ability for gas inside to act as a source of convective heating
between stages. The purpose of having multiple stages is primarily because the rate of
heating from blackbody radiation is proportional to the di erence of the temperature to
the fourth power of adjacent stages. By introducing more stages from room temperature
to the coldest stage, less active cooling power is required to maintain the base temperature.
To prevent this blackbody, Infrared (IR), heating, each nested thermal layer acts as an

optical barrier for its neighbours so that higher energy photons emitted from the warmest
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stages cannot reach the colder stages, since they are blocked by the next adjacent stage.

2.4 CUTE's cryogenics

CUTE operates using a dry dilution refrigerator, with a 2-stage pulse tube cooler imple-
mented to cool the 60K and 4K stages. The cooling power is applied to the \cold head"
in the fridge which is thermally linked to the 60K and 4K stages of the cryostat using
the circulating helium mixture as a heat exchange gas. With present detector payloads,
CUTE can cool from room temperature to a base temperature of11-14 mK in 3-4 days
and can maintain cryogenic operation at that base temperature for extended periods of
time, with some cryogenic runs having lasted almost two months.

During the pre-cool, the period of the cooldown to take the cryostat from room tem-
perature to temperatures at which condensation of helium can occur, the pulse tube cooler
is the only source of cooling. As such, the mixture gas is routed di erently than in Figure
2.1 to bypass the impedance on the way into the fridge, and uses a di erent route out
of the fridge directly from the still through the \fast pumping" line. The purpose of this
circulating mixture is to act as a heat link between the cold head side of the 4K and 60K
stages with their cryostat temperature stages, and to deliver cold gas from the 4K stage
to the lower temperature stages to remove heat from there. Chapter 5 will discuss this in

greater detail.
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Chapter 3

SuperCDMS

The Cryogenic Dark Matter Search (CDMS) originally started in the 1990's as an ex-
periment utilizing cryogenic semi conductor crystals to search for WIMPs. In 2003 the
experiment moved from its original location of Stanford Underground Facility (SUF) which
acted as a proof-of-concept facility to develop the detectors and cryogenic systems to the
Soudan Underground Laboratory in Minnesota. The primary reason for this move was
to reduce the background coming from cosmic rays, since they had become the domi-
nant background. The experiment had its name promoted to SuperCDMS in 2011 when
the experiment underwent a major upgrade, increasing the active mass, and background

rejection, providing more e ective detection.

3.1 SuperCDMS SNOLAB

Once the experiment had run its course in Soudan, the collaboration looked for a new
site to call home. SNOLAB, a laboratory operating as a class 2000 cleanroom 2km
underground in a Nickel mine outside of Sudbury, ON, Canada was selected to be the
location for the next generation of the SuperCDMS experiment. SNOLAB was constructed
after the success of the Sudbury Neutrino Observatory (SNO) experiment which began
operation in the late 1990's and continued into the mid 2000's, provided evidence for the
oscillation of neutrino avour [40][41]. SNOLAB provides a location to house international

experiments in a low background environment, such as PICO, DEAP, and SNO+; with

2 km of Canadian Shield overburden it makes SNOLAB one of the best locations in the
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world for shielding cosmic rays, as shown by the reduction in muon ux in Figure 3.1.
In addition to the scienti c merit SNOLAB provides for the experiment, the laboratory
infrastructure is already in place to provide operational support to experiments, and it is

geographically convenient for travel from a number of the collaborating institutions.

Figure 3.1: Muon ux measured at various underground laboratories around the world. Muons are a
source of background in particle physics experiments, so lower ux implies more sensitive
measurements can be performed as experiments will not be background limited. Image
source: [42]

SuperCDMS SNOLAB was designed to hold larger detectors, with the mass of each
Ge detector going from 600 g in SOUDAN to 1.4 kg at SNOLAB. The cryostat is designed
to have the capacity to hold up to seven stacks of detectors, where six stacked detectors
are called a tower. The rst generation of operation at SNOLAB will have 4 towers
yielding a total active mass of about 30kg. The detectors used will be a mix of Silicon
and Germanium semiconductor crystals and will also be a combination of two operating
techniques which will be discussed in the next section: Interleaved Z-sensitive lonization

and Phonon detectors (iZIP) and High Voltage (HV) detectors. The advantage of iZIPs
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is that they are useful at background discrimination and give the ability to determine
whether an event was a nuclear or electron recoil (NR and ER) in the crystal, while HV
detectors have a lower event threshold, meaning they can probe lower dark matter particle

masses, but are not able to discriminate between NR and ER events.

Figure 3.2: CAD rendering of the SuperCDMS facility with important features indicated. SuperCDMS
sits in the SNOLAB cavern immediately adjacent to CUTE, so the proximity of the two
facilities is also shown. Source: [43].

Like many large projects, SuperCDMS can be considered to be the assembly of a
number of subsystems and components, each of which have their own purpose and reason
for being included in the experiment. This is not only bene cial when trying to understand
the entire complex project, but also allows for more e cient delegation and completion
of work. Figure 3.2 shows the major subsystems designed to be included in SuperCDMS,

which will be further discussed below.

Cryostat

The detectors are placed in the center of a series of cocentric copper cylinders, similar to
Russian Nesting Dolls. The advantage of having multiple cans is to reduce the amount
of cooling power that is required at the coldest stage due to not having to remove as
much heat to counteract the thermal radiation. Having multiple stages also allows for

the cooling of the detector signal lines and cables, minimizing the heat conducted to the

detectors.
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SuperCMDS SNOLAB has been designed to have the dilution refrigerator located
outside of the location where the detectors will be housed which is called the SNOBOX.
This decision was made to achieve maximal shielding coverage of the detectors; the size
of the shielding would need to be much greater if the refrigerator also needed to be
contained inside. Also, some of the components in the refrigerator might have radioactive
contamination deemed to be too high to be contained within the shielding, so having
the fridge located outside the SNOBOX eliminates this issue. As seen in Figure 3.3 the
SNOBOX has two feedthrough ports; the C-stem (Cryogenics Stem) and the E-Stem
(Electronics Stem) are responsible for delivering the cooling power to the experiment, and

transmitting detector data respectively.

Figure 3.3: CAD rendering of the SuperCDMS Cryostat. A number of nested copper cans hold the
detector towers with two stems protruding; the Cryogenic stem for cooling power to the de-
tecotrs, and the Electronics stem for detector communication. Also shown are the shielding
layers of neutron shields (water tank outer, polyethylene inner), radon purge layer, and lead
gamma shielding. An updated smaller SNOBOX design is underway due to manufacturing
limitations of the original large design shown here. Source: [44].

Shielding

SuperCDMS has three layers of shielding as seen in Figure 3.3. An outer layer of Polyethy-
lene plastic and water both provide shielding from neutrons and some gammas which
originate in the cavern walls. Also surrounding the SNOBOX are two layers of stacked
lead bricks which provide shielding from high energy gamma radiation coming from the
lab. These two layers have di erent levels of'°Pb contamination, a radioactive isotope

of lead with a 22 year hal ife [45]. Particle Physics experiments are limited to the null

hypothesis claims they can make by the background event rate. If the levels of radioactive



3.1. SUPERCDMS SNOLAB 27

contamination like 2'°Pb are not controlled in SuperCDMS, the scope to which Super-
CDMS can perform science is impacted. An inner layer of polyethylene further shields
from neutrons and gammas. The thicknesses required for the shielding were con rmed by
simulations and existing knowledge of the radiation levels measured in SNOLAB, showing
that the background events from known radioactive sources will be minimized to the level
where SuperCDMS's scienti ¢ goals can still be achieved [46]. The background budget
in SuperCDMS is dependent on detector type with the highest values of 370 and 0.003
events/kg/keV/yr for electron recoils and events in the nuclear recoil region respectively

[47].

Calibrations

The calibration of detectors is required for all experiments. In some, calculations of the
scaling factors as a signal goes through the series of electronics is su cient, but in general
in particle physics experiments radioactive sources are used. These sources emit parti-
cles with various energies and are measured by the detectors in order to understand the
conversion from detector signal to event energy. Calibration sources used in SuperCDMS
detectors also are used for Electron Recoil vs. Neutron Recoil discrimination, as will be
discussed later in this chapter, and over the course of a run can be used to monitor detec-
tor stability. Detectors are deemed to be stable if the signal received from a calibration
of a given energy at one point in time matches the signal received later. Understanding
how detectors interact with \regular" matter at known energies can help to interpret data
scientists think are evidence of interactions with Dark Matter [48].

Two calibration systems are planned for SuperCDMS. The rst is &*Ba gamma
source which emits photons with energies 302.9, 356.0, and 383.8 keV when the barium
undergoes electron capture decaying t83Cs [49]. The gammas calibrate the detector
for electron recoils and the source will deploy remotely using a steel cable through the
shielding layers to the top of the SNOBOX [46]. A%°Cf spontaneous ssion neutron source
will be deployed by hand through guiding tubes along the E and C-stems for nuclear recoil

calibrations. Work has also been done recently to prove the feasability of using LEDs at
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cryogenic temperatures as a low energy photon source [34].

Crane

A 3-Ton Gantry crane is mounted on rails such that it has clearance above the assem-
bled SuperCDMS experiment to aid in the installation of various heavy components in

SuperCDMS including the seismic platform, shielding, and the SNOBOX cryostat.

Radon Filtration Plant

In addition to the contamination of 2:°Pb in the shielding materials,?:°Pb is a daughter

in the decay chain of?*®U which is found naturally in the Canadian Shield rock in which
SNOLARB is situated. An intermediate isotope between the uranium and lead ¥$°Rn, a
radioactive gas with a relatively short hal ife of 3.8 days which is emanated from the cavern
walls in SNOLAB [45]. The natural radon level underground in SNOLAB is 130 Bg/m?,
which can be problematic for experiments that do not have controls implemented to
minimize the exposure of sensitive equipment to lab air [50]. The issue is not only the
decay of the gaseous radon itself, but also when the radon decays it deposits the radioactive
daughter atom on nearby surfaces. A compressed air line which is sent from surface has a
measured???Rn concentration of 5-10 Bg/n¥ [50]. Through background limit calculations,

it was determined that having the detectors and copper housing exposed to this level of
radon concentration for a moderate amount of time would be unacceptable for the target
sensitivity limit SuperCDMS hopes to achieve. For this reason a Radon Filtration plant
was designed and constructed for SuperCDMS which provides air with most of the radon
removed to a level of 67 Bg/m 3[51]. This radon lItration plant will supply the air to the

SuperCDMS and CUTE cleanrooms.

Cleanroom

All detector work performed should be done in a clean environment. Not only is it a good
idea to protect from dust found in the area from depositing on the detectors, but also

to protect from the radioactive radon gas. The cleanroom will have a dedicated Itered
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