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ABSTRACT

It is now evident that the majority of matter in our universe is composed of non-luminous

dark matter. However, the nature of this dark matter remains mysterious. The most promising

candidates for dark matter include axions and weakly interacting massive particles (WIMPs).

Current leading direct search experiments like SuperCDMS and LUX are located deep under-

ground to shield against cosmic rays. They utilize extremely sensitive detectors to directly detect

dark matter interacting with normal matter. Current experiments have quite poor sensitivity to de-

tect low mass dark matter candidates due to the fact that the threshold of current detectors is not

low enough. Low threshold detection techniques can also help study coherent neutrino-nucleus

scattering.

As a result, new detection principles with a lower threshold are needed. Different materials

such as silicon, germanium, xenon, etc. have been used as detectors and work well in the projects

mentioned above, but searching for new detector materials could open the door to low threshold

detection.

Single-molecule magnet (SMM) has long been known and researched. One of its most interest-

ing phenomena is the magnetic avalanche. In this work, we tested the idea of using SMM materials

to detect particles.

The experiment was operated in a cryogenic refrigerator at a temperature as low as 0.5 Kelvin,

since magnetic avalanches can only happen at cryogenic temperatures. The main purpose is to

prove the concept that magnetic avalanches can be triggered by the scattering of particles. Our

data showed that high energy alpha particles were able to ignite magnetic avalanches in Mn12-

acetate, one kind of SMM material.

With the long list of different kinds of SMMs, and the ability to synthesize new kinds according

to our needs, it will be a promising way to detect dark matter, neutrinos, or other low energy particle

interactions.
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1. INTRODUCTION

1.1 Dark Matter Introduction

Human beings have always been thinking about what our universe is made of. One reason is

our inborn curiosity, and the other is more practical: the more we know about our surroundings,

the better we can fit in and live. After the discovery of the Higgs boson, the standard model seems

to stand solid to answer many of these questions, but there are several problems which still remain

mysterious. The dark matter enigma is one of them.

1.1.1 Dark Matter Enigma

Early in the 20th century, astronomers used the mass-luminosity relation to determine the mass

of remote stars. With apparent brightness and distance of a star from the earth, actual luminosity

can be determined. Then One can calculate the mass of the star with the mass-luminosity rela-

tion. However, when people started to figure out the mass of galaxies or clusters with dynamic

information, there was a huge discrepancy, which leads to the study of the dark matter.

The first modern evidence for dark matter was given by Dutch astronomer Jan Hendrik Oort in

1932. He studied the motion of stars in the Milky way, utilizing the Doppler effect. He postulated

the majority of mass in the Milky way is dark matter [1].

The more famous evidence from Swiss astronomer F. Zwicky was brought up the very next

year, 1933. When he examined the motion of about 1000 galaxies in the Coma galaxy cluster,

He measured velocity information also from the Doppler shift. He ingeniously used the virial

theorem to calculate the total mass of the cluster, assuming that the gravitational force is the only

interaction between galaxies. When he compared his calculation with the result from the mass-

-luminosity relation, it showed the amount of non-luminous matter is much bigger than that of

luminous matter [2].

As people continued to study dynamical data from our own and the remote galaxies, more data

supporting the existence of dark matter came out. With the advance of technology, acquisition
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of high-resolution optical spectrum from remote galaxies became possible. In the 1980s, Vera C.

Rubin and her co-workers studied data from 60 spiral galaxies with different morphological type

and luminosities [3]. They researched how the velocity of gas clouds changes with distance from

the center of the galaxy. From Newton’s law of universal gravitation, the velocity is ν ∼
√

m(r)
r

,

here r is the distance from the center, and the m(r) is the total mass enclosed in the sphere with

radius r. If all the mass is distributed in the luminous central area, the velocities should decrease

in the edge of the galaxy. However, they found that the velocity curves stay flat at a large distance,

which indicates the existence of dark matter. Some of their rotation curves are shown in Figure 1.1.

Their work not only gave evidence of dark matter but also suggested that dark matter is clumped

around galaxies instead of uniform everywhere.

1.1.2 Baryonic Candidates

The missing matter problem has two possible solutions: 1, Newton’s law of universal gravita-

tion needs to be modified at large scale; 2, dark matter, either baryonic or non-baryonic, makes up

a large part of the universe.

• Modified Newtonian dynamics (MOND) was proposed by Mordehai Milgrom in 1983 [4].

The core of this theory is Milgrom’s law which modified Newton’s second law:

FN = mµ

(
a

a0

)
a where µ

(
a

a0

)
=

√
1

1 +
(
a0
a

)2
At a low acceleration, it deviates from Newtonian dynamics and can explain the flat curve at

large distance. However, MOND still requires the existence of dark matter, though way less

than the requirement of standard Newtonian dynamics. Furthermore, in 2006 the observation

of the "Bullet Cluster" showed that the center of missing mass is quite offset from visible

mass [5]. This is strong evidence for the matter explanation.

• Neutron stars, black holes, brown and white dwarfs only emit little or no light. They are

categorized as massive astrophysical compact halo object (MACHO). Very naturally, it was
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Figure 1.1: Rotation curves of three Sc galaxies. It shows the orbital velocity as a function of the
distance from the center of a galaxy. At large distance, the curve is flat. Reprinted with permission
from [3].
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one of the earliest proposed candidates for dark matter. Although no light from them can be

observed on the earth, we can search for gravitational microlensing which would indicate the

existence of MACHOs. Several collaborations, like the MACHO Collaboration [6] and the

EROS-2 Survey [7], searched for MACHOs in the Milky Way halo. However, the number

of MACHOs they observed is too small to count for a non-trivial part of the total dark matter

mass.

1.1.3 Non-Baryonic Candidates

As many efforts to search for baryonic dark matter failed, new cosmological evidences showed

at least a majority of dark matter should be non-baryonic.

When people study the development of the universe, several things lead them to non-baryonic

dark matter. The ratio of deuterium to hydrogen in the distant area, which is related to the baryonic

density, the variation in cosmic microwave background (CMB) and the distribution of galaxies

density in the universe, all can be used to estimate the ratio of baryonic matter to total matter in the

universe. Even better, results from each method agree quite precisely. It shows the composition of

all matter in our universe in Figure 1.2.

Weakly interacting massive particles (WIMPs) are one of the most popular dark matter can-

didates, partially because of the coincidence known as "WIMP miracle". Hypothetically, WIMPs

were created thermally in the early universe. As the universe was cooling down, the number of

WIMPs is decreasing due to self-annihilation. On the other hand, the universe is expanding, and

at some point, the WIMP gas got so dilute that the chance they can find each other to annihilate is

very low. This is called the freeze-out. The statistical calculations showed that if we assume the

self-annihilation cross section of WIMPs is the same as that of the electroweak force, the thermal

relic density of WIMPs will be equal to the current dark matter density. This process did not in-

clude a hard constraint on the mass of a single WIMP particle, which could range from the order

of GeV to the order of TeV [9].

Alternatively, axion is another candidate. The concept of axion was originally created to solve

the strong-CP problem, but it turned out to be a promising candidate for dark matter as well.
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Figure 1.2: This data comes from [8].

Axion can satisfy two requirements as a dark matter candidate: 1, the population of axions have

a sufficient quantity to count for the required dark matter energy density. 2, they do not or only

weakly interact with conventional matter. Like other candidates, the existence of the axion can

solve both fundamental particle physics problem and the dark matter puzzle. The mass of an axion

ranges from the order of peV to the order of meV [9].

There are many other candidates which cover a very wide range in mass. The ways to search

for the dark matter fall into three categories: direct detection, indirect detection and production in

colliders. Indirect detection uses various ways to detect the annihilation or decay products of dark

matter. Direct detection, on the other hand, detects the elastic scattering of dark matter particles

off the target nuclei. Here we will focus on the direct detection of WIMP.

1.2 Direct Detection

Direct detection relies on the interaction of dark matter and the target nucleus in detectors. The

differential WIMP-nucleus scattering cross section includes two parts: spin-independent (SI) term

and spin-dependent (SD) term.
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Since the de Broglie wavelength of the WIMP is large, it interacts with the target nucleus

coherently. The SI term, as a result, is related to the atomic mass of the target nucleus, σSI ∼ A2.

A heavier atom can lead to a larger cross section. The SD term σSD, on the other hand, primarily

depends on the nuclear spin of the target nucleus.

Since 1987, many experiments have been conducted to directly search for dark matter, either

focus on SI interaction or sensitive to SD interaction. Some of these projects and the target material

are listed in Table 1.1.

Figure 1.3 shows the exclusion limit plot for the WIMP search, The bottom shaded part is the

neutrino floor, a region at which most experiments are not able to tell the difference between a

WIMP signal and a coherent neutrino scattering. These neutrinos mainly come from the Sun and

atmosphere.

Some of the projects are more sensitive in higher mass ranges while others have a bigger

advantage in the lower mass range. However, each curve for a specific experiment does share a

similar shape.

In the lower mass range (below 10 GeV ), the sensitivity is getting worse quickly. In the higher

mass range (above 100 GeV ), the sensitivity is not good either. A simplified explanation for this

behavior is provided here.

In its simplest form, the energy spectrum of the scattering event rate can be given by:

dR

dER

=
R0

E0r
exp(− ER

E0r
), where r =

4MTMD

(MT +MD)2
(1.1)

Here, R0 is the total WIMP-nucleus scattering event rate, E0 is the kinetic energy of the dark

matter particle, MT is the mass of the target nucleus, and MD is the mass of the dark matter particle.

This spectrum is shown in Figure 1.4.

The total event rate,

R0 =
N0

A
× σ × flux, (1.2)
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Figure 1.3: Experimental parameter space for various projects searching for WIMPs. It is for spin-
independent interaction. The region above a line is excluded from WIMP candidates, as the result
of the experiment the line represents. The yellow region on the bottom part is the neutrino floor
which is the ultimate background. Reprinted with permission from [10].
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Figure 1.4: The differential events rate for different WIMP masses. Reprinted with permission
from [11].

is proportional to the cross section σ, the number of target atoms N0, and the flux of the dark matter

at the detector’s location.

A particle detector can only trigger when the recoil energy ER is above the energy threshold.

The event rate caught by the detector is

R = R0 ×
∫ Emax

Ethreshold

1

E0r
exp(− ER

E0r
) (1.3)

From Section 1.1, the total mass of the dark matter particle is a constant. If the mass of a

single dark matter particle is large, the number of them would be small so is the flux. For the same

detector, it requires a bigger cross section to see an interaction event, according to Equation 1.2.

This can explain the worse sensitivity in the higher mass range.

In the lower mass range, the recoil energies of a majority of events fall below the threshold.

In this case, the integral in Equation 1.3 is small, so it requires more total events R0 to detect an

interaction, which corresponds to a bigger cross section limit, according to Equation 1.2. As a
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result, it needs a low threshold detector to explore the low mass range.

1.2.1 Background

To search for very rare WIMP scattering events, it is necessary to have a low background

environment. The background can be classified into two categories: electron-recoil background

and nuclear-recoil background.

WIMP does not carry any charge, so it is very unlikely to scatter on electrons. All electron-

recoils thus are considered background noise. γ rays and β particles are the main sources for the

electron-recoil background, which can be shielded by lead, copper or a lot of water. Many detectors

have a specific mechanism to discriminate electron-recoils from nuclear-recoils.

Nuclear-recoils from neutrons leave the same signals like those from WIMPs, it is almost

impossible to distinguish between them except the case when the detector size is large enough to

allow neutrons scattering multiple times within the detector. Shielding is the best way to avoid

this. Polyethylene, paraffin, or water can efficiently moderate neutrons. Many dark matter search

experiments are set up deep underground to reduce neutrons induced by muons.

A lot of other efforts can be made to reduce background: active veto, careful selection of

material, target purification, etc. The goal is to realize an almost zero background in the region of

interest.

1.2.2 Current Experiments

Many kinds of material have been used as detectors due to their specific properties.

Cryogenic detectors like germanium and silicon are the first kind to search for dark matter.

CDMS [12] and SuperCDMS [13] are examples which chose high purity germanium and silicon

as their target material. Cryogenic detectors are operated at very low temperatures (often ≤ 50

mK) to reduce electronic noise. A WIMP scattering will increase the temperature of the detector

slightly which can be detected by a transition edge sensors (TES). The advantages of cryogenic

detectors include excellent energy resolution, low threshold, and the ability to reject electron re-

coils effectively when both phonon and ionization signals are collected. However, it needs to be
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Table 1.1: List of old, current and future project searching for WIMPs with different kinds of
materials. Reprinted with permission from [10].

operated at extremely low temperature (mK) which can be challenging and costly. It can also be

difficult and expensive to increase detector mass.

Noble gases like argon and xenon are another popular option since they can easily produce

photon and charge signals. Detector with noble gas could either work in single phase mode, when

only scintillations are detected, or dual phase mode, with both scintillation and charge signals so as

to provide nuclear/electron recoil discrimination. In most cases argon or xenon is liquefied and put

in a time projection chamber (TPC), signals are read out by photomultiplier tubes. Experiments

like LUX [14] and XENON1T [15] use a large amount of xenon and are sensitive in the high mass

range but struggle in the lower mass range as shown in Figure 1.3.

Since the magnetic bubble chamber resembles the traditional bubble chamber in many aspects,

I will discuss more detail about it.

10



Figure 1.5: A schematic of the PICO-60 bubble chamber. The energy threshold is 7 to 30 keV.
Reprinted with permission from [17].

1.3 Bubble Chamber

The bubble chamber was invented in 1952 by Donald A. Glaser. The basic idea is to place a

certain kind of liquid just below its boiling temperature. When a particle scattering deposits some

energy to a small local area in the superheated liquid, a small amount of the liquid will evaporate

to gas and forms a bubble. A camera can record this event.

Right now this technology is used in the WIMP search, for example by the PICO collaboration

using the material C3F8 and CF3I [16, 17]. The equipment to operate this detector is sketched in

Figure 1.5 . Some of the advantages of the bubble chamber are:

1. The isotope 19F in C3F8 has the highest sensitivity for spin-dependent WIMP-proton cou-

pling, this helps the PICO experiment leading the detection of spin-dependent interaction.
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2. It can reject electron recoils quite well, since the formation of the bubble relies on the de-

posited energy density. The electron recoils spreads the energy to a larger area so are less

likely to form a bubble. Under proper temperature and pressure, almost all electron-recoils

from γ or β rays are excluded.

3. It is easy to set up the experiment with large target mass. The currently deployed PICO-60

has 36.8 kg of CF3I as target [17], the upcoming PICO-500 can be filled with 1 ton of C3F8,

which can lead to a very good sensitivity.

4. The bubble chambers used in PICO experiment are operated in a temperature close to the

room temperature, it does not require a complicate and expensive cryogenic equipment thus

is easier to operate than cryogenic experiments.

5. Easy to get the event location. Cameras are used to take pictures whenever a bubble forms.

On the other hand, a bubble chamber can not measure the value of recoil energy directly, since

any recoil energy above the threshold can form a bubble. However, the energy threshold can vary

under different temperature and pressure. The recoil energy spectra can be retrieved by ramping

the threshold.

The bubble chamber also has a long dead time. Each time when a bubble is formed, or every

2000s without any event, the chamber needs to be compressed for 100s to 600s, which accounts

for more than 20% of the total operation time.

As null results continue to be obtained in all of the current experiments, people would like to

probe the whole parameter space, especially the big blank area in the lower mass range as shown

in Figure 1.3, which requires a low threshold detector.

The magnetic bubble chamber explored in this work has all the advantages of the traditional

bubble chamber, but it does not need a long dead time. It also has the potential to achieve a lower

energy threshold.
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2. SINGLE-MOLECULE MAGNETS MATERIAL AS A PARTICLE DETECTOR

In this chapter, I will discuss some properties of SMM relevant to our project. I will also

describe how we can use it as a dark matter detector and why it is a promising technology.

2.1 Properties of SMM

Single-molecule magnet (SMM) was first synthesized in 1980 [18]. The first SMM, Mn12-

acetate or Mn12O12(CH3COO)16(H2O)4, is still one of the most popular research subjects among

more than one hundred kinds of SMMs. [(C6H15N3)6Fe8O2(OH)12]Br7(H2O)Br · 8H2O, ab-

breviated as Fe8, is another kind of well known SMM.

Each SMM molecule includes a magnetic core which has an intrinsic magnetic moment and

is isolated by some ligands from other molecules. The magnetic core consists of either single or

multiple metal atoms. A ligand is a molecule or ion attached to a central metal atom. Because the

distance between two adjacent magnetic cores is relatively large, the exchange interaction between

them is small. As a result, each core behaves like an independent magnet. That is why this material

is called single-molecule magnet.

Different kinds of SMMs may contain different metal atoms or ligands, but they share most of

the basic behaviors. Here we will take Mn12-acetate as an example to illustrate some interesting

properties of SMM.

2.1.1 Properties of Mn12-Acetate

In Mn12-acetate molecule, the magnetic core consists of 12 manganese atoms and some ligands

shown in its molecular formula. The structure of a Mn12-acetate molecule is shown in Figure 2.1.

At sufficiently low temperature, the exchange interaction between the 12 manganese atoms

within the magnetic core gives the core a rigid spin of S = 10. The effective spin Hamiltonian can

be written as

H ≈ −DS2
z − gzµBSzHz − AS4

z +H′ (2.1)
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Figure 2.1: Structure of Mn12-acetate viewed along the c axis. Those large red and pink balls are
manganese atoms. Reprinted with permission from [19].

Here, the first term creates the anisotropy barrier between spin-up and spin-down states, and

the second term is Zeeman energy which breaks the symmetry. When Hz is not zero, the molecules

will be in a metastable state as shown in Figure 2.2 [20]. The third term would change the way

quantum tunneling works when an external field is applied. The first three terms commute with

Sz, so Sz is a conservative quantity without the last term H′. H′ includes all the terms that do not

commute with Sz, which leads to quantum tunneling and magnetic avalanche without the need of

an external perturbation.

Mn12-acetate crystal is a body-centered tetragonal lattice with only one easy magnetization

axis which is almost on the c axis of the crystal. It is tilted a little bit away from the c axis (within

1.7◦). It is simple to find the easy axis by looking at the shape of the synthesized crystal. It is the

long side of the crystal shown in Figure 3.11.

Once Mn12-acetate crystals are magnetized, there are two ways it can overcome the potential

barrier to relax the magnetization: thermal activation and quantum tunneling. If the temperature is

sufficiently low, the thermal activation rate becomes very low and the dominant relaxation mecha-
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nism is quantum tunneling or thermal assisted tunneling.

A very important point for our project is that at low temperatures, especially below its block-

ing temperature (about 3 K), the relaxation process is very slow. It remains slow even when an

external field anti-parallel to the magnetization direction is applied, as long as there is no resonant

quantum tunneling (which will be discussed in detail in Section 2.1.2). So the magnetization can

be stable for a very long time (months or even years). This is crucial for searching rare events from

interactions like dark matter scatterings.

2.1.2 Resonant Quantum Tunneling

When it is below its blocking temperature, Mn12-acetate exhibits a hysteresis curve when an

external magnetic field is scanned, as shown in Figure 2.3. In this curve, the relaxation is much

faster at certain magnetic field [21]. The whole curve displays a step shape. The reason for that is

the resonant quantum tunneling. When the field was increased, as shown in Figure 2.2, one of the

two energy wells is raised and the other is lowered. To some point, one level |−a⟩ in the left well

will be aligned to another level |b⟩ in the right well. When this happens, the quantum tunneling is

in a resonant mode and the relaxation speed is much faster. Note that a ̸= b.

Without the S4
z term in the Hamiltonian, all levels would be aligned at the same time. S4

z term

breaks this coincidence and each level will be matched in different values of the field.

There is one more interesting fact about SMM. After an SMM crystal is magnetized, we can

add an external magnetic field anti-parallel to the magnetization direction and increase the field

slowly from zero. Before the field reaches the first value for resonant quantum tunneling, the

relaxation is actually smaller than when the field is zero. That is because levels in the two potential

wells are mismatched and tunneling is suppressed [22].

2.1.3 Magnetic Avalanche

At low temperatures, a single molecule needs to go through a slow relaxation process by either

thermal activation or tunneling. On the other hand, the magnetization of an Mn12-acetate crystal

can go through an abrupt change. This phenomenon is called magnetic avalanche and this is the
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Figure 2.2: Double well potential for single molecule in Mn12-acetate. The left one is the case
without external magnetic field and the right one is with external field on.

Figure 2.3: Hysteresis curve for Mn12-acetate in different temperatures. Those steep steps are due
to resonant quantum tunneling. Reprinted with permission from [21].
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Figure 2.4: Mangetic avalanche dynamics

main reason it can be used as a particle detector.

The way magnetic avalanche works is illustrated in Figure 2.4. When one or more molecules

in the left well get flipped, i.e., they jump to one of the excitation states in the right well either

by thermal activation or tunneling, and they will relax to the ground state afterward. Zeeman

energy is released in this process and turns into heat, which warms up the surrounding area. If the

environment temperature and magnetic field are tuned to the right value, this heat can make the

surrounding molecules relax quickly and release more energy to warm up and relax more molecules

until the magnetization of the whole crystal is flipped and aligns with the direction of the external

field.

Magnetic avalanches propagate at the speed of about 10 m/s. For the size of the crystals we

used, the avalanches will finish quickly. As shown in Figure 2.5, the whole process of an avalanche

took about 0.2 ms [23]. Also note that the dimension of the Mn12 crystal used in the Figure 2.5

is 1.5 × 0.3 × 0.3 mm3, and the change in the magnetic field on the surface of the crystal is in

hundreds of Gauss, which can be easily picked up by a commercial cryogenic Hall sensor.

When a magnetic avalanche happens, three kinds of signals are generated. The first one is the
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Figure 2.5: Six Hall sensors are attached on different location of the crystal. This figure shows the
readings of these sensors as a function of time. Reprinted with permission from [23].
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abrupt change in the magnetization. The second one is the change in temperature. Since all the

Zeeman energy stored in a crystal is released, the change in temperature can be as large as 2 K.

The third one is the radiation emitted in the process of an avalanche. In this project, we only use a

Hall sensor to monitor the change in magnetization since it is the easiest and cheapest option, but

other options like temperature change and radiation are available for future development.

2.2 SMM as a Particle Detector

Recently there was a proposal to utilize magnetic avalanche to create a new way for dark matter

detection in the mass range of 10−3 eV to 10 eV [24], the following discussion is mostly based

on that paper. This detection technique was named as magnetic bubble chamber since the way it

works resembles the mechanism of the traditional bubble chamber. The general idea is shown in

Figure 2.6.

A set of SMM crystals are magnetically polarized in a cryogenic fridge. Then they are cooled

down below their blocking temperature (normally below 3 K). The magnetization of these crystals

can survive in an external magnetic field anti-parallel to the magnetization for a long time. When

they are in this metastable state, if an incoming particle (WIMP, for example) recoils off a nucleus,

the temperature within the small area close to the nucleus will increase. If the change of the

temperature is big enough, several molecules nearby might be relaxed. In this case, Zeeman energy

will be released and heat up a larger surrounding area, thus more molecules will be flipped which

will release even more Zeeman energy. In this thermal runaway process, all the spins in one crystal

would change to the opposite direction and we can check the change in magnetization to catch the

signal.

So far, no experiment is capable of detecting the WIMP signals within the mass range of 1

GeV to 1 TeV. Theoretically, the mass of WIMP particles could range from 10−3 eV to 100 MeV.

SMM crystals, when used as a magnetic bubble chamber, can possiblely detect WIMP particles

in this range. As a dark matter detector, several aspects, like threshold, stability and background

rejection, need to be discussed.
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Particle

Scattering

Figure 2.6: Some single-molecule magnet crystals are polarized at first. The magnetic field is then
reversed to the opposite direction. The Energy deposited by a particle scattering in a crystal causes
localized heating which relaxes some spins, releasing the stored Zeeman energy. The released
Zeeman energy will relax more nearby spins, releasing more energy and triggering a magnetic
avalanche in the crystal.
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2.2.1 Energy Threshold

In this section, I will briefly talk about how to estimate the energy threshold of a magnetic

bubble chamber, following the paper [24].

To trigger a magnetic avalanche, how fast the magnetic cores can relax is important. At low

temperatures, the relaxation process is dominated by tunneling. Whereas at higher temperature, it

is the thermal activation determining the relaxation time. After a scattering, the recoil energy will

warm up a small area. Within this area, the temperature is high. The relaxation time relates to the

thermal activation is given by:

τ = τ0exp(Ũ(B)/kT ) (2.2)

After the recoil energy E0 is deposited in a small area, it will increase the local temperature. To

trigger magnetic avalanche, the molecules in this area need to be relaxed before the deposited heat

dissipates to other nearby areas. Assuming the size of this area is R, it can be shown the condition

to trigger avalanche is [24]:

E0 &
c0R

3(U − 1/2△ EZee)
4

ln[ R
2

τ0α
]4

− ρSR
3 △ EZee (2.3)

where c0 is the volume-specific heat capacity, U is the potential barrier at zero magnetic field,

△EZee is the Zeeman energy, τ0 is the relaxation time contant in Equation 2.2, α is the thermal

conductivity and ρS is molecule density. This E0 sets the energy threshold of a magnetic bubble

chamber, i.e., the minimum recoil energy required to trigger a magnetic avalanche.

Parameters of some SMM material is shown in Table 2.1. In this table, three parameters are

listed: J , τ0 and U , since they vary significantly for different kind of SMMs. By choosing proper

range of these three parameters, we can get the energy threshold in the desired range.

The Zeeman energy can be tuned by changing the external magnetic field, while the tempera-

ture limits how big the anti-parallel field could go without destroying the stability. In short, after

choosing a specific kind of SMM, we can also change the value of temperature and field to further
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Table 2.1: Properties of SMMs for different material. Reprinted with permission from [24].

tune the energy threshold.

2.2.2 Stability

Below its blocking temperature, SMM material can stay magnetized in a reversed external

magnetic field for months as long as the field is below a specific limit. This is crucial for WIMP

search since we need to run the experiment for a long time to detect rare events. We will try to

tune the system so that the external field is a little bit smaller than the value which will break the

stability. This will help us to reach a lower energy threshold.

The stability of both Mn12-acetate and Fe8 crystals were tested in our experiment.

2.2.3 Background Rejection

To trigger an avalanche, it is necessary to warm up the initial area above a certain temperature

so that the relaxation time is shorter than the thermal diffusion time. It is crucial that how much the

local temperature can increase due to the recoil energy. For nuclear recoil, the deposited energy is

confined in a small region because the recoil nucleus is constrained within a crystalline structure

which leads to a relatively greater temperature change. On the other hand, if an electron recoil

happens, the deposited energy would be distributed to a much larger region since the recoil electron
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can wander around the crystal very easily. As a result, the temperature change due to an electron

recoil should be smaller than that from a nuclear recoil.

If we tune the trigger condition so that a nuclear recoil can trigger avalanches but an electron

recoil can not, this detector will have a good discrimination ability against the electron recoil

background.

This strategy can reject gamma and beta background. To minimize the background due to

muon or neutrons, shielding will be necessary when the detector is actually running. Some kind of

active veto detectors, lead or copper shield and water bricks will be added to surround the detector

or the cryostat.

2.2.4 Miscellaneous Advantages and Challenges

Besides the possible low energy threshold and intrinsic electron recoil rejection, the magnetic

bubble chamber has some other advantages.

When an incoming particle scatters off the target nucleus elastically, from the conservation of

energy and momentum, the maximum recoil energy (when a head-on collision happens) can be

given by

Er =
4MTMi

(Mi +MT )2
Ei (2.4)

where the MT and Mi are the mass of the target and incoming particles, Ei is the kinetic

energy of the incoming particle. From this equation, we prefer to choose a target atom whose mass

is similar to the incoming particle. This will maximize the recoil energy for a given incoming

particle.

Most SMM molecules include hydrogen atoms. If a dark matter particle has mass of about

a GeV or so„ the lightest atom with mass of about 1 GeV can maximize the deposited energy.

Small atoms are not sensitive to spin-independent interactions, due to the A2 dependence, but

it is not a problem for spin-dependent interactions. In addition, most kinds of SMM molecules

include several heavy atoms, like iron, manganese, dysprosium, so they are also sensitive to spin-

independent interactions.
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As we discussed in Section 1.3, the traditional bubble chamber is leading the sensitivity for the

detection of spin-dependent WIMP-nucleus interaction. The reason is that isotope 19F in either

C3F8 or CF3I is very sensitive to spin-dependent interactions. Most SMM molecules have large

inherent magnetic moments, so the magnetic bubble chamber is also a good choice to detect spin-

dependent interactions.

There are some challenges to use this detector too. First, we lost all the information about the

recoil energy except that we know it is bigger than the threshold when we see a signal. To get

energy information, we can vary the threshold by controlling the magnetic field and temperature

and collect data with different thresholds. Carefully comparison between different sets of data

could reveal some energy information, similar to the way traditional bubble chambers work when

they are used to search dark matter.

Second, once an avalanche starts, we need to wait for the avalanche to finish, then reset the

detector by either removing or reversing the magnetic field. During this time, we can not collect

data, which we call as the detector dead time. There are two possible ways to shorten this dead

time.

Either we can monitor the magnetization with a very sensitive magnetometer. Once the avalanche

is ignited and detected, we remove the external field. The avalanche propagation will stop since

there is no Zeeman energy to use anymore. In this way, only a small part of the crystal becomes a

dead zone, most part is still active after the field is resumed. Since we do not need to wait for the

avalanche propagating through the whole crystal thus the dead time is shorter.

Instead of using a big chunk of crystal, we can also use many small grains with good thermal

insulation between them. In this way the avalanche will only propagate within one grain and leave

others unaffected, we only get a small dead zone after every event. We do not need to change the

external field until the majority of grains become inactive. Another advantage of small grains is

they are much easier to synthesize than bigger ones. Even more, if we use small grains, we could

identify which grain experienced the avalanche thus get the location information.

Either way, the dead time will be much shorter than the traditional bubble chamber.
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2.3 Summary

With the tunable low energy threshold, intrinsic electron recoil rejection, excellent stability,

capability to be sensitive to both spin-dependent and spin-independent interactions and other ben-

efits, even with some difficulties, we believe this magnetic bubble chamber is a particle detection

technique worth to explore.
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3. MAGNETIC BUBBLE CHAMBER EXPERIMENTAL SETUP

Magnetic avalanches in Mn12-acetate have been studied for many years. It is reported that

avalanches can be ignited by a heater or surface acoustic waves [23, 25], but it is not yet con-

firmed that it can be triggered by the scattering of particles. We have designed and conducted an

experiment to test this idea.

In this chapter, I will describe how we set up the experiment in detail. At first, I will talk about

the equipment. In Section 3.1 I will describe the superconducting magnet. Section 3.2 is about

the cryogenic refrigerator. In Section 3.3, I will discuss the way the SMM crystals were prepared.

In Section 3.4 I will briefly describe the Hall sensor used in this experiment. I will conclude with

Section 3.5 on how everything was put together.

3.1 Superconducting Magnet

In our experiment, we need to add an external magnetic field up to several Tesla to Mn12-

acetate crystals. To supply this huge field, superconducting magnet is the best option. Since the

Mn12-acetate crystals themselves also require cryogenic environment, we can place the supercon-

ducting magnet and crystals in the same refrigerator to operate.

As shown in Figure 3.1, we have a controller and a specific power supply for the supercon-

ducting magnet. The controller needs to be turned on before turning on the power supply. The

controller controls the current ramping speed, and can be run on a persistent mode to supply a

constant current.

The superconducting magnet can only provide field in one direction, so a manual polarity

switch is added in the circuit as shown in Figure 3.2 to change the direction of current. The switch

is connected to the original circuit with a gauge 6 copper wire to carry large current (up to 80 amps).

After this switch is added, resistance across every part of the circuit is carefully checked, especially

at the soldered connections. Since the current we are going to use is huge, an unstable connection

could cause safety issues and may jeopardize the experiment. It takes a while to operate the switch,
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Figure 3.1: Power supply and controller for the superconducting magent

but it serves our purpose well for now. When a real magnetic bubble chamber is developed later

on, a programmable and fast switch will be necessary.

The controller has a read out connection. It is connected to a multimeter to read out and record

the magnitude of the current (from which the magnetic field can be calculated). The multimeter is

further connected through GPIB (General Purpose Interface Bus) to a computer. A proper labview

program written for this project can display and record data whenever necessary.

Before using the superconducting magnet, it is important to check the resistance across dif-

ferent parts of the circuit, at both room temperature and the base temperature (below 2K). If the

resistances are bigger than expected, the huge current going through the circuit will cause a heating

problem.

3.2 Cryogenic Environment

We need to operate the experiment below the SMM’s blocking temperature, so it has to be

inside a cryogenic refrigerator.

We are using a He3/He4 evaporation refrigerator, as shown in Figure 3.3 and Figure 3.4. There
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Figure 3.2: Switch to change direction of magnetic field

is a panel shown in Figure 3.7 to control the gas flow and read pressure at several crucial points

inside the refrigerator.

At first, the experiment is set up inside the refrigerator and the superconducting magnet is

installed. Thereafter a leak check is performed to make sure the vacuum can is well sealed. The

leak check is performed with the leak checker shown in Figure 3.5. It includes two mechanical

pumps, one diffusion pump and a mass spectrometer which can even detect a tiny amount of

helium-4 or helium-3 gas. It is connected to the vacuum can of the refrigerator, and helium-4 gas

is blown to places where it might leak. The reading will tell us if there is a leak. It can also be read

out by a labview program to detect a minor leak.

To cool down to 1.5 to 2 K, which is the temperature required for Mn12-acetate crystals, we

only need to use helium-4. The basic steps are as follows:

1. Add new lead o-ring and vaccum grease on the edge of the vacuum can to seal the connec-

tion, and install the vaccum can;

2. As soon as the vaccum can is installed, we pump it to create a vaccum, which protects

Mn12-acetate crystals from moisture. A leak check is then performed;
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Figure 3.3: Refrigerator structure Figure 3.4: Stucture inside the vacuum can

Figure 3.5: Leak checker
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Figure 3.6: The refrigerator
Figure 3.7: Panel to control the flow of gas and
read pressure at various positon.

3. Install the superconducting magnet and check all the connections;

4. Install the dewar as shown in Figure 3.6. This completes the installation of the refrigerator.

Connect the vaccum can to the leak checker and fill the dewar and 1K pot with helium-4 gas,

check if there is any gas leaking from the dewar or the 1K pot to the vacuum can;

5. Fill the vaccum can with either neon or hydrogen gas, which serves as a heat exchange gas.

The next step is to transfer liquid nitrogen into the dewar and wait (less than a day) until the

temperature reaches about 80 K. If there is no gas inside the vacuum can, the cooling down

process will be much slower.

6. Pump the heat exchange gas out of vacuum can and maintain the vacuum so it can stay cold.

Push all of the liquid nitrogen out of the bath. Blow some nitrogen gas at room temperature

to the dewar and pump it out to take the liquid nitrogen residue out. Repeat it for several

times to make sure the dewar is empty.

7. Perform a leak check again at this temperature. The thermal contraction of different parts of
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the refrigerator might be slightly different (a screw may shrink more than its hole, etc.), and

a new leak can be created during the process of cooling down to the nitrogen temperature

(77 K). Below 77K, the dimensions of most materials do not change apparently with the

temperature, so it is unlikely that new leak shows up after this step.

8. Connect the liquid helium-4 bottle to the dewar and control the pressure so that helium-4

liquid is slowly transferred into the dewar. The liquid evaporates immediately when it reach

the space in the dewar (the bath). The latency would supply the cooling power during this

slow transfer. Be sure to add the heat exchange gas back to the vacuum can as soon as the

slow transfer starts.

9. The boiling temperature of neon is 27 K at 1 atm. It is 20 K for hydrogen. Before the vacuum

can is cooled down to this temperature, the exchange gas needs to be pumped out. We do

not want the gas to condensate on the equipment. During slow transfer, if the transfer speed

is too high, bottom part of the vacuum can will be cold enough to condensate the exchange

gas. To avoid this, the transfer speed needs to be carefully adjusted.

10. Increase the pressure in the helium-4 bottle to speed up the transfer. Now the liquid helium

will accumulate within the bath, and we can read the level of the liquid helium from a level

detector. The level detector is a metal stick installed inside the dewar, and the part of this

stick touching the liquid helium becomes superconductor. By reading the resistance we can

know the liquid helium level.

11. Stop the transfer when the dewar is full of liquid helium, and wait for the temperature to

drop. When the temperature reaches about 4 K, transfer some He-4 liquid to the 1K pot

through two valves (one slow and one fast) connecting the bath and the 1K pot. Turn off the

fast valve when there is some liquid in the 1K pot and start the pump connected to it. Soon

the temperature will drop below 2 K.

The vapor pressure of a liquid varies with its temperature. Lower is the pressure, lower is

the temperature. That is why a pump can cool down the 1K pot. With helium-4, the 1K pot in
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our refrigerator can cool the SMM crystals down to 1.5 K. It can not go further because helium-

4 becomes superfluid below 2.17 K. When the pump on the 1K pot is working, the 1K pot is

colder than the pump line. Superfluid helium will creep up to the warmer pump line where it

evaporates. At the warmer spot, the vapor pressure is higher, which limits how low the pressure

and the temperature can be in the 1K pot.

To reach a lower temperature, we need to use helium-3. Since it does not become superfluid

above 1 mK, it does not have the problem that helium-4 has. Helium-3 is very expensive and hard

to get, so it will be circulated in a closed loop, while helium-3 gas will be collected and returned

to a helium-3 tank.

Before using Helium-3 circulation, it is good to check the impurities in the tank. Impurities

might block the circulation and also indicate a possible leak which needs to be fixed immediately

to protect the precious Helium-3.

Helium-3 circulation is illustrated in Figure 3.8. Helium-3 gas goes through a nitrogen trap

first (with liquid nitrogen bath at 77 K) to filter most of the impurities. Then it goes through a

helium-4 trap (in the bath of the refrigerator) to filter other impurities whose boiling temperature

is below 77 K.

Helium-3 gas flows through a capillary which is attached to the 1K pot afterward. The capillary

has a high impedance, so the pressure of the gas is raised before feeding into the capillary. The

capillary is designed in a way to make sure at this higher pressure, the temperature of the 1K pot is

cold enough to condensate helium-3. As liquid helium-3 flows into the He-3 pot, pumping the He-

3 pot can further reduce the temperature. In our refrigerator, the temperature has reached as low as

480 mK by far. After the pump, helium-3 gas returns to the tank and starts another circulation.

3.3 Sample Preparation

In this section, I will describe how to prepare SMM crystals for this experiment.
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Figure 3.8: Helium-3 circulation

3.3.1 Size and Shape

In this experiment, the main test subjects are Mn12-acetate crystals, as shown in Figure 3.10

and Figure 3.11. The length of the crystals ranges from a little more than 1 mm to about 3 mm,

and the width ranges from 0.5 mm to 1 mm.

Some preliminary tests were also done with Fe8 crystals. The dimension of these crystals are

around 1 mm, as shown in Figure 3.9.

3.3.2 Sample Holder

Figure 3.12 shows the sample holder, which is made of oxygen-free high thermal conductivity

(OFHC) copper. OFHC copper can transfer heat very quickly, it is also a non-magnetic material

and has very low radiation contamination, so it is a good choice for this experiment. The dimension

of sample space is 3 mm x 3 mm x 3 mm, and this space could be covered by a plastic cover secured

by copper screws.
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Figure 3.9: Fe8 crystals under a microscope.

Figure 3.10: Mn12-acetate crystals are synthe-
sized by Phil Bunting from UC Berkeley.

Figure 3.11: Shape of the Mn12-acetate crystal
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Figure 3.12: OFHC sample holder

3.3.3 Signal Estimate

We are going to use a Hall sensor to detect the change in the magnetic field of the Mn12-acetate

crystals. It is useful to estimate the magnitude of the signal before the experiment.

After a magnetic avalanche, all molecules in a crystal will be flipped, as shown in Figure 3.13.

Assuming that all spins in the crystal are pointing up before a magnetic avalanche and pointing

down afterward, we can estimate how much the reading of the Hall sensor will change by this

integration:

δH =

∫
V

1

4π

[
3r(dm · r)

r5
− dm

r3

]
(3.1)

dm = gzµBSdV ρS (3.2)

where r is the position vector from an infinitesimal area in the crystal to the active area of the

Hall sensor, which is located about 1 mm above the top of the crystal. S is the spin of one molecule

(for Mn12-acetate, S = 10). All other variables remain the same as as in Equation 2.1. Given the

size of our crystals, a quick analytical calculation gives a signal of about 100 Gauss. Comparing

with Figure 2.5, this number is reasonable. The signal is smaller in our case since our Hall sensor

is placed 1 mm away whereas it was directly attached to the surface of Mn12-acetate crystals in
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Figure 3.13: All spin in a crystal are inverted after avalanche

36



Figure 3.14: Crystals got broken to powder after one run.

the case of Figure 2.5.

3.3.4 Challenges and Solutions

As mentioned in Chapter 2, the longer side of the Mn12-acetate crystal is very close to its easy

axis. To maximize the magnetic signal, it is preferred to align all the crystals in a way that the easy

axes are on the same direction as the magnetic field of the superconducting magnet. With careful

arrangement, they are mostly in the preferred direction with an error up to 10o.

During the first several runs, some crystals got cracked. Some of them were even broken to

powder as shown in Figure 3.14. A few attempts were made to identify the cause of this problem.

1. The first possible cause we explored is thermal expansion and contraction. We cooled the

Mn12-acetate crystals from room temperature down to 2 K and warmed them up after each

run. The huge temperature change might have destroyed them, since the crystals have dif-

ferent thermal expansion coefficient comparing with the sample holder material. It is also

possible that the temperature within the crystal is not uniform in the process of cooling. A

warmer part might squeeze a colder part and break it.

To test our hypothesis, several Mn12-acetate crystals were placed in the sample holder which
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Figure 3.15: Test in liquid nitrogen
Figure 3.16: Mn12-acetate crystals are dissolved
in water

was attached on top of a stainless steel can. The bottom part of the can was slowly sub-

merged into liquid nitrogen as shown in Figure 3.15. The temperature of those crystals

slowly dropped to about 80 K, which resembled the situation when we actually run the ex-

periment. The speed of the cooling is quicker in this test though, since the thermal capacity

of the stainless steel can is much less than the vacuum can in the refrigerator. In this test, it

took between two to three hours to cool down to around 80 K, whereas it took more than 10

hours in the refrigerator. Below 80 K, all materials we used do not shrink much, so we do

not need to use liquid helium in this test.

However, several repeated tests show that the crystals remain intact after the tests. So this

possible reason was excluded.

2. Another possible reason is the magnetic force which might break the crystals. Because the

magnetic field on these crystals was not uniform during the experiment, there would be a

pretty big magnetic force exerted on the crystals, trying to drag them to the lower energy

spot. Assuming that all the molecules are aligned along the direction of external magnetic
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field, calculation shows that for a magnetic field of 1 Tesla,

magnetic force

weight
≈ 29

It is clear that this force can move the crystals around within the sample holder and even be

able to break the crystals since they are relatively fragile. This also explains the fact that

even though all crystals are aligned in the same direction before each run, they are not after

the run, as shown in Figure 3.12.

3. During each run, there are moments when the crystals got exposed to air containing moisture

which might damage the crystals. One simple test is to dump some crystals in water to see

if water could dissolve them. This is found to be true as shown in Figure 3.16. We suspect

this to be the most possible reason for the broken crystals.

In later runs, several things were done to protect the crystals.

1. As soon as the vacuum can was installed, the pump connected to it was turned on to keep

the crystals in vacuum.

2. Crystals used in the experiment were covered by silver epoxy. The epoxy can transfer heat

well and protect crystals from moving by magnetic force or being damaged by water vapor,

as shown in Figure 3.17.

3. Crystals were kept in a vacuum box which was located in a dry tent to minimize the chance

of them getting in touch with water vapor in the air.

3.4 Magnetometers and Connections

For magnetometers, we chose cryogenic Hall sensors in our experiment since they are afford-

able and easy to install as compared to SQUID (superconducting quantum interference device).

We tested two Hall sensors to make sure they has the required sensitivity. As shown in Figure

3.18, these sensors can clearly tell the difference when the field changes by about 100 Gauss.
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Figure 3.17: Mn12-acetate crystals are protected by silver epoxy.

Figure 3.18: Hall sensor sensitivity test
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The Hall sensors are connected to a power supply and a multimeter outside of the refrigerator

with very thin wires to reduce the heat leak. The Hall sensor itself has a resistance of about 1 Ω.

When it is operated with the recommended current of 100 mA, it acts as a heater with power of 10

mW and it increases the temperature by up to 0.5 K. In this experiment we operate it with 10 mA

and the temperature only changes by 0.1 K.

In future, when we need to monitor a lot of small grains of this crystal, the sensitivity of SQUID

will be necessary.

3.5 Equipment Setup

In this section, I will illustrate how to assemble all the parts discussed in the previous sections

together.

3.5.1 Inside the Cryogenic Refrigerator

In our experiment, we want to reach the temperature below 2 K for Mn12-acetate and below

1 K for Fe8. To make sure we can reach the proper base temperature, the best option is to attach

the sample holder directly to the 1K pot while we are testing Mn12-acetate, to the helium-3 pot for

Fe8. However, we also need a relatively high magnetic field. Both the 1K pot and the helium-3 pot

are too far away from the center of the superconducting magnet and the maximum field can only

reach around 1000 Gauss. To meet both cooling and magnetic field requirements, we add a stage

made of OFHC with a thermal link to either the 1K pot or the helium-3 pot. It holds the sample

holder close to the magnet. The setup is shown in Figure 3.19.

When heat is produced in either the Hall sensor or SMM crystals, the temperature on this

extended stage will be higher than that on the 1K pot. The difference can be calculated by

△ T =
PL

αA
(3.3)

where P is the heat flow going through the thermal link, L is the lengh and A is the cross

section area of thermal link, α is the thermal conductivity of the OFHC. When the Hall sensor

continuously creates joule heat of 0.1 mW during the experiment, the temperature difference is
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Figure 3.19: The Hall sensor and sample holder are set up inside the refrigerator.

about 10 to 20 mK. This is negligible for this experiment. After a magnetic avalanche, the heat

flow and thus the temperature difference might be bigger, but we do not care about the temperature

at that moment any more. The stage will cool down as we are resetting the system.

Two diode thermometers with standard curve were placed close to the sample holder. In case

one of them failed to work during the experiment, we have another to use. These diode thermome-

ters are good above 1.5 K. A germanium thermometer is placed on the helium-3 pot to monitor the

temperature when we start to use Helium-3 circulation. None of these thermometers work properly

when a strong magnetic field is applied. A Ruthenium oxide thermometer is added on the helium-3

stage in the last run, which works well in a strong magnetic field.

Two heaters are also installed on the stage, because we need to warm the crystals up above

their blocking temperature occasionally.

A closer look at the Hall sensor and the sample holder can be seen in Figure 3.20. We have the

copper sample holder with SMM crystals fixed on the extended stage. The cryogenic Hall sensor

is also held on a OFHC bulk so the Joule heat from the Hall sensor can be transferred to the 1K

pot quickly. The Hall sensor is carefully located in a position very close (about 1 mm above) to
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Figure 3.20: The Hall sensor and the sample holder

the crystals but not in touch with them. We want it to be close because we want the signals to be

as big as possible. The magnetic field drops fast (∼ r−3) with distance, so it is crucial to be close.

At the same time, we do not want the Joule heat from the Hall sensor to flow to the crystals, so we

leave a vacuum space between them as a thermal insulation.

After everything is set up inside the vacuum can, we tie all the floating wires with dental floss to

somewhere away from the wall of the vacuum can. Because when we reach our base temperature,

the vacuum can itself is still very "hot" at the helium-4 temperature (4.2K). Any touch between the

equipment inside and the vacuum can will warm up our experiment stage.

3.5.2 Electronics Outside of the Cryogenic Refrigerator

To operate the experiment and read signals, we need to connect the equipment inside the re-

frigerator to the outside electronics. We have a junction box shown in Figure 3.21 to connect Hall

sensors, heaters and various thermometers to the outside electronics.

Figure 3.22 shows the electronics for the Hall sensor. A DC power supply is used to supply

a constant 10 mA current to the Hall sensor and an ammeter is used to monitor this current. A

sensitive multimeter is used to read the Hall voltage.
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Figure 3.21: The junction box to connect the cold hardware inside the refrigerator and electronics
outside.

Figure 3.22: The power supply and multimeter connected to the Hall sensor
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Figure 3.23: UI of the labview program

The superconducting magnet current controller has a readout port to show the value of its

current. It is connected to a multimeter to be monitored and recorded. All the multimeters include

a GPIB connection so they can communicate with a computer. A labview program is used to

display and store all data, as shown in Figure 3.23.

With all the equipment set up correctly, we are ready to start the run.
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4. EXPERIMENT RESULTS AND DATA ANALYSIS

This experiment includes four stages. First, the properties of Mn12-acetate crystals and the

Hall sensor were tested. Second, after making sure the crystals can be magnetized properly and

the Hall sensor can detect a magnetic avalanche, two gamma sources were placed outside of the

refrigerator to check if avalanches can be triggered. In the third stage internal alpha source was

introduced. Finally, some additional tests were done with Fe8 crystals.

4.1 Pilot Run with the Mn12-Acetate

Before testing the Mn12-acetate crystals with radioactive sources, two things need to be con-

firmed. First, we want to make sure when the crystals are magnetized at a low temperature, that

the magnetization can survive an external magnetic field whose direction is opposite to that of

the magnetization. Second, we need to be confident that the crystals can experience a magnetic

avalanche and the Hall sensor has enough sensitivity to detect it.

The first step was to see if the magnetization was stable under a reversed magnetic field. After

successfully cooling down the fridge, a heater was turned on to warm up the crystals to a tem-

perature above 3 K. Then the superconducting magnet was turned on to magnetize Mn12-acetate

crystals. With the magnet on, the heater was turned off. Next we waited for 10 minutes to make

sure the temperature dropped below 2 K. Finally, reverse the direction of the magnetic field and

observe the reading of the Hall sensors.

The stability was tested at various temperatures. It showed the highest temperature at which

the magnetization can survive the reversed magnetic field was 1.9 K, as shown in Figure 4.1 and

Figure 4.2.

The next step was to show a magnetic avalanche. The ignition of an avalanche depends on

the temperature and external magnetic field. To find the right conditions to trigger a magnetic

avalanche, a reversed field was swept at a constant temperature (lower than 1.9 K). When the field

reached a certain value, a magnetic avalanche was detected by the Hall sensor, as shown in Figure
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Figure 4.1: This shows how the magnetic field in the Hall sensor changed with time. The mag-
netized crystals were placed in a field in the opposite direction of the magnetization for 5 mins,
the magnetization stayed the same after the external field was removed. This was done when the
temperature was 1.9 K.

Figure 4.2: When the temperature was 2 K, the magnetized crystals slowly relaxed without an
external field.
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Figure 4.3: When the magnetized crystals were in a magnetic field in the opposite direction of the
magnetization, a magnetic avalanche showed up and it was detected by the Hall sensor.

4.3.

The signal was about 10 gauss, smaller than the estimate from calculation of 100 gauss. It

was reasonable though, since The distance between the active area of the Hall sensor was lager

than the estimate. The actual distance was close to 2 mm instead of 1 mm in the estimate, which

would reduce the signal in a factor of 1/8. Also, when it was estimated, we assumed that 100%

of the molecules in the crystals were polarized in the same direction, which only happens in ideal

condition. Another reason for the small signal is the alignment of the crystals, which is not exactly

perpendicular to the active area of the Hall sensor, so the measured value is smaller than the actual

field.

Both tests were repeated many times until it was sure the properties of the crystal were as

expected and the Hall sensor was able to detect the signal.
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40 cm

Figure 4.4: The setups to test Mn12-acetate crystals with external radioactive sources are shown
here. In setup A on the left, a Cf-252 neutron source was attached on the outer wall of the refrig-
erator, it was 20 cm away from the crystals. In setup B on the right, a Cs-137 gamma source was
placed below the refrigerator, it was 65 cm away from the crystals.

4.2 Experiments with External Sources

In the next few runs, we started to introduce various radioactive sources to test the main idea

of this project: if a scattering of particles can trigger magnetic avalanches.

Initially, we placed the radioactive sources outside of the refrigerator, as shown in Figure 4.4.

Two different kinds of sources were used in this test.

The first source tried was a californium-252 (Cf-252) neutron source with an activity of 1 µCi

. The closest position to the crystals where it could be placed was on the outer wall of the dewar,

which was 20 cm away from the Mn12-acetate crystals. We cannot see the exact location of the
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Figure 4.5: (a) The laser was used to locate the crystals. (b) Location of the Cf-252 source.

sample holder after we close the dewar. To label the location, a low power laser beam in the

horizontal direction was set up before closing the refrigerator, it pointed to the crystals. When we

needed to use the Cf-252 source, it was placed at the bright spot left by the laser on the dewar wall.

The high energy neutron source is harmful to the human body, so it was covered by several lead

bricks during its use. The set-up is shown in Figure 4.5.

The face of the crystal space facing the source had a dimension of 3mm × 3mm. The Cf-

252 source was manufactured on Oct. 01, 2017 and this experiment was operated on Aug. 03,

2018. With the half life of 2.6 years, a simple calculation showed neutrons will pass Mn12-acetate

crystals at the rate of

activity × 0.5
t

t1/2 × 3mm× 3mm

4π(2cm)2
× 3.7× 3.1% = 0.06 neutrons/second (4.1)

The calculation includes that the spontaneous fission branching fraction which takes up 3.1%
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of the total decay rate and an average of 3.7 neutrons are emitted per spontaneous fission. It did

not include the attenuation by fridge walls. The average neutron energy is 2.13 MeV and the most

probable energy is 0.70 MeV.

In this run, we managed to reach a temperature of 1.7 K. Without radioactive sources, the

crystals were magnetized. An external reversed magnetic field was slowly swept from zero. The

avalanches happened when the field reached around 2800 Gauss.

Two different tests were done with the 1 µCi Cf-252 neutron source. First, the crystals were

magnetized and the reversed field of 2700 Gauss was applied. This is slightly below the value

which will ignite a magnetic avalanche, analogous to the temperature of the superheated fluid in a

bubble chamber being held slightly below its boiling temperature. The source was arranged at the

position shown in Figure 4.5. The system was kept in this way for 30 minutes. During this period,

there should be around 100 neutrons passing the sample space but no avalanche was detected. This

was repeated twice and the same results were obtained.

A possible explanation for this result is that the external field must be closer to the critical point

of 2800 Gauss, so another test was done. The magnetized crystals were placed in a reversed field

again. Rather than holding the field constant, we slowly increased the field with time. Meanwhile,

we were observing the magnetization of the crystals with the Cf-252 source 20 cm away. An

avalanche was triggered around 2800 Gauss. In other words, the radioactive source did not appear

to make any difference to the previous results without the source.

Both tests were also done with another radioactive source: a 4 mCi caesium-137 source. This

source emits gamma rays with an energy of 0.6617 MeV. It has a much bigger activity comparing

with the Cf-252 source used above, however, the result was the same. With or without this source,

the behavior of the Mn12-acetate crystals was the same.

The null result from the Cs-137 source is as expected. Since the gamma rays from it can

only make electron recoils which are very unlikely to trigger a magnetic avalanche as explained in

Section 2.2.3.

This run showed that neither sources, at least in our setup, could trigger magnetic avalanches
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in Mn12-acetate crystals. A possible explanation is that the neutron flux was too low, either due

to the long distance between the source and the Mn12-acetate crystals or the attenuation of the

refrigerator wall. Another possible reason is that the energy threshold of this specific material,

Mn12-acetate, is higher than the radioactive source we used. Of course, it is also possible that the

magnetic avalanches simply can not be triggered by a scattering of particles.

4.3 Experiments with an Internal Source

Although we did not see any avalanches triggered by the external sources in the last run, this

does not necessarily mean that a scattering of particles is not able to ignite it. We redesigned the

experiment to exclude the possible reasons mentioned in the last section. In the following run, we

placed an americium-241 (Am-241) source inside the refrigerator. It was very close (about 2 mm)

to the Mn12-acetate crystals and there was no material between them. The alpha particles from

this source also had a higher energy than the neutrons from Cf-252.

Also, before this run, we carefully estimated the energy threshold of Mn12-acetate.

4.3.1 Energy Threshold

The most probable de Broglie wavelength of the neutrons from californium-252 is 34.2 fm,

and the americium-241 emits alpha particles with a wavelength of 6.1 fm. Both are bigger than

any nucleus in Mn12-acetate but much smaller than a Mn12-acetate molecule. As a result, the

scattering will happen between the incoming particles and one single atomic nucleus.

There are several kinds of atoms in Mn12-acetate molecules: manganese, hydrogen, carbon,

and oxygen. For the neutron source, hydrogen atoms have almost the same mass as neutrons, so

they can absorb maximum recoil energy of Er = Ei, where Ei is the kinetic energy of an incoming

particle. So the Cf-252 will most probably deposit 0.7 MeV energy by a nuclear recoil. For the

Am-241 source, carbon atoms has similar mass to the alpha particles, so they can absorb maximum

recoil energy of Er = 0.36Ei. The Am-241 source can provide alpha particles with kinetic energy

of 5.486 MeV , so the maximum deposited energy is about 2 MeV , higher than that from the

californium-252 source.
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To trigger a magnetic avalanche, the maximum recoil energy Er has to be above the energy

threshold E0 given by Equation 2.3. For Mn12-acetate, the spin of a single molecule is J = 10,

the volume specific heat is c0 = 2 × 10−9eV ·K−1 · nm−3, the potential barrier without external

magnetic field is U = 61K, and the relaxation time prefactor is τ0 = 2.1× 10−7s [26]. We do not

know the value of the thermal conductivity though, it could range from 10−7m2/s to 10−5m2/s,

corresponding to an energy threshold from 46 keV to 46.6 GeV . It is possible that the threshold

falls between 0.7 MeV and 2 MeV , so alpha particles coming from the Am-241 can trigger a

magnetic avalanche whereas neutrons from the Cf-252 can not.

4.3.2 Experimental Setup

As a result of the discussion above, we gave the Mn12-acetate crystals another try with a 1 µCi

Am-241.

The Am-241 source was placed inside the fridge, about 2 mm away from the Mn12-acetate

crystals, as shown in Figure 4.7. Even though it has similar activity to the Cf-252 source, the

radioactive flux is much bigger due to the closer proximity.

Figure 4.7 also shows the experimental setup. Since alpha particles cannot penetrate even a

thin layer of copper, the Am-241 source was placed next to one set of Mn12-acetate crystals. As

mentioned in Section 3.3.4, the crystals were hermetically wrapped in silver epoxy to protect them,

but alpha particles would be shielded by the epoxy in this way. To avoid this, the crystals close to

the Am-241 source were only partially covered by the silver epoxy in this run, as shown in Figure

4.6. The epoxy was only used to keep the crystals in place.

In this setting, the crystals were exposed to alpha radioactive all the time during our experiment.

It is impossible to remove the source to observe if it makes any difference during the experiment,

therefor a control setup was placed nearby. The control setup also included about 10 crystals with

similar dimension as those in the main setup, which sit in a sample holder and were bundled with

a Hall sensor. The control setup was placed on the same stage as the main setup and was about

1 cm away, so both setups shared approximately the same magnetic field and temperature. Alpha

particles can not penetrate the copper between two setups, so the control setup will not see the high
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Figure 4.6: Mn12-acetate crystals partially covered by the silver epoxy.

energy particles whereas the main setup is exposed to them all the time.

Thermometers and heaters were placed on the same stage as before.

4.3.3 Operations and Results

After the refrigerator was cooled down to the base temperature of 1.7 K, the tests described

in Section 4.1 were done again. The stability of the crystals in a reversed field was tested and

confirmed, and we again observed that a swept magnetic field could trigger a magnetic avalanche.

Thereafter, the behavior of Mn12-acetate crystals was observed under two different conditions:

either in a swept magnetic field or in a constant one.

Similar to the last run, the crystals were magnetized at 3 K first, then cooled down to the base

temperature so that the magnetization could be kept stable. A reversed field was applied and it was

increased slowly from zero. When the reversed field reached a certain value, an avalanche was

observed in the main setup, i.e., those Mn12-acetate crystals bundled with Am-241 source. At the

same time, no avalanches was observed in the control setup, as shown in Figure 4.8.

This procedure was repeated several times. The results were the same every time except that the

critical magnetic fields at which a magnetic avalanche was triggered were different, ranging from

4900 Gauss to 6000 Gauss. This variation is possibly due to a slight difference in temperature for
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Figure 4.7: Two sets of Mn12-acetate crystals are placed in the refrigerator, one with Am-241
alpha source and the other one working as a control setup.

Figure 4.8: A magnetic avalanche was observed in the crystals with Am-241 source while none
was observed in the control setup.
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each test. Unfortunately, the thermometers we used in this run were carbon dioxide thermometers.

Their resistances were strongly dependent on the magnetic field thus could not show the correct

temperature when the field was swept.

This suggested that magnetic avalanches could be triggered by scattering of particles when the

external field was swept. However, this is not enough for it to be a practical particle detector. Ac-

cording to Equation 2.3, the energy threshold decreases when the reversed magnetic field increase,

as long as the field is not big enough to eliminate the barrier between the double wells, in which

case magnetic avalanches are impossible. If a magnetic avalanche can only be triggered by the

scattering of particles when the field was swept, there is only a small fraction of operation time

when the field is big so that we have a low threshold. As a particle detector, especially when it is

used to search rare dark matter events, the live time is important, so it will be much better if similar

results could be shown for a constant magnetic field. This is what was tested in the next step.

The Mn12-acetate crystals were magnetized first, then a reversed field was applied. The field

was kept constant for about 10 minutes. If no avalanche showed up, we increased the reversed

field a little bit and waited for another 10 minutes. This was repeated until the field was about 6500

Gauss when an avalanche was observed in the crystals close to the Am-241 source. Meanwhile,

nothing was observed in the control setup, as shown in Figure 4.9. This result implies that an

avalanche can be ignited in a constant field.

To confirm the signals observed were actually magnetic avalanches as expected, two things

were done. First, each time after an avalanche was observed, the external magnetic field was

removed and a heater was turned on to demagnetize the crystals. It was clear that the magnetization

of the main setup and control setup pointed in opposite directions after the avalanche, as shown

in Figure 4.10. Note that initially, the magnetization directions of both crystal sets were the same

since they were magnetized by the same external field. This implied that the magnetization of

those crystals close to the Am-241 source was flipped to the other direction, while it is unchanged

in the control setup.

It is also worth to mention that the electronics of both setups were connected to the same power
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Figure 4.9: The magnetized Mn12-acetate crystals are placed in a constant reversed field. After
several minutes, crystals close to the source experienced a magnetic avalanche whereas nothing
happened to the control setup.
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outlet. If the avalanche signals were false, due to electronic noise, it should appear in both setups.

So it is safe to say that our signals were not from an electronics glitch.

Figure 4.10: Demagnetization of Mn12 crystals after an avalanche was observed. The blue line showed the
magnetic field close to the crystals in the control setup, the red line showed that in the main setup. The green
line showed the change in temperature. The heater was turned on when t = 7950 s, and was turned off when
t = 8050. This showed that the magnetization of crystals in two setups pointed to the opposite direction after
an avalanche.

Secondly, since a resonant quantum tunneling can also relax the magnetization of an Mn12-

acetate crystal, to make sure what was observed in this work is actually a magnetic avalanche, we

compared our data with resonant quantum tunneling in literature [27]. The magnetization jump

in our experiment took less than one second, while quantum tunneling takes around 1 minute (at

these temperatures) to only partially demagnetize the crystal, as shown in the Figure 4.11.
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In short, at the same temperature and the same external magnetic field, the Mn12-acetate crys-

tals close to the Am-241 source showed magnetic avalanches while the control setup far from the

source did not show anything, which suggested that the avalanches were triggered by high energy

alpha particles. This shows that avalanches can be ignited by particle interactions.

4.4 Fe8 Crystals

Initially, the refrigerator we used could only go down to 1.7 Kelvin, due to impurities in the

Helium-3 tank. After some cleaning and adjustments, we could cool down to 0.5 K. At this tem-

perature, we can test a large variety of SMM crystals. Some preliminary tests have been done with

Fe8 crystals described in this section.

4.4.1 Crystal Preparation

It is not possible to identify the easy axis from the shape of Fe8 crystals. Therefor, they were

sitting in the sample holder at random orientations. A dozen of single crystals were placed close

to the Hall sensor. In the future, we will index the crystal structure with X-ray Powder Diffraction

(XRD), which will hopefully allow for uniform crystal orientation.

Fe8 crystals are vulnerable in air or vacuum, so they were also protected by silver epoxy, as

shown in Figure 4.12. Similar to the experiments we had done with the Mn12-acetate crystals, the

Fe8 crystals were positioned close to the active area of the Hall sensor with the vacuum between

them acting as thermal insulation.

4.4.2 Stability Test

Some tests were done to make sure that the Fe8 crystals could be properly magnetized in our

refrigerator and that the Hall sensor had enough sensitivity to read the magnetization.

A heater was turned on to warm up the crystals to about 2 K. A magnetic field of 1 T was

applied afterward. The next step was turning off the heater and waiting for the temperature to

drop back to the lowest temperature we can reach (around 0.5 K with Helium-3 circulation). The

crystals should be magnetized at that moment. The magnetic field was then removed.

At that moment, the reading of the Hall sensor was about 40 Gauss without the external mag-
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netic field. To make sure this was not a measurement error (due to the zero point of the Hall sensor

shifting in the strong magnetic field), the crystals were warmed up again and the change in Hall

sensor voltage is shown in Figure 4.13. While the temperature rose up, the magnetization was

relaxed. This confirmed that the crystals were magnetized before warming up. Note that the ger-

manium thermometer giving the temperature data in this figure was placed on the helium-3 stage,

not the stage holding the Fe8 crystals, so the temperature recorded was higher than the actual

temperature of the crystals. Another RuO2 thermometer close to the crystals showed the relax-

ation started when the temperature reached about 1 K. The data from the RuO2 thermometer was

unfortunately not recorded.

Next we performed the stability test. The magnetized crystals are placed in the external field

whose direction is anti-parallel to the magnetization. The result is shown in Figure 4.14. The

magnetization is stable under a reversed field up to about 1200 Gauss.

4.4.3 Search for Magnetic Avalanches in Fe8

After we were confident we could magnetize the crystals and that the magnetization would

remain stable, efforts were made to search for magnetic avalanches.

Similar to what had been done with the Mn12-acetate crystals, Fe8 crystals were magnetized

and an external field with direction anti-parallel to the magnetization was then applied. The exter-

nal field was slowly increased from zero to 1 T. There was only once when two abrupt changes in

the Hall sensor reading were observed, as shown in Figure 4.15. We were not able to see similar

jumps when the procedure was repeated. Therefor it is possible it was just an electronic glitch.

An external gamma source (Cs-137) was placed close to the refrigerator thereafter. No avalanche

was observed in this configuration as well. This was comforting to some point, because it did not

contradict our assumption that the magnetic bubble chamber is capable of rejecting electron recoils.

More research will be done with the Fe8 crystals. It is possible that they need a lower tem-

perature environment to experience a magnetic avalanche. In that case, we will further tweak the

refrigerator or move to another cryostat.
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Figure 4.11: Magnetic hysteresis of a small Mn12 single crystal at different temperatures when
magnetic field scanning speed is 0.1 T/min. The peaks in this graph are due to resonant quantum
tunneling which relaxed the magnetization much slower than magnetic avalanches (see Figure
4.9). The dimension of the crystals used here was 50× 50× 300µm3. Reprinted with permission
from [27].
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Figure 4.12: The sample holder for the Fe8 crystals (left) and its position in the refrigerator (right).

Figure 4.13: When the Fe8 crystals were warmed up, the reading from the Hall sensor jumped
back to zero, this showed the crystals were magnetized before the heater was turned on.
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Figure 4.14: The Fe8 crystals were initially magnetized, as shown in the none zero reading of the
Hall sensor, they were then placed in a reversed field for about 4 mins. After the field was removed,
the magnetization did not change.
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Figure 4.15: Two jumps during scanning the field. If they are magnetic avalanches, the left one
was in the wrong direction, while the second one was in the right direction.
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5. SUMMARY AND FUTURE PLANS

5.1 Summary of the Work

A low threshold detector will benefit the search for dark matter. The idea of the magnetic

bubble chamber provided a new way to achieve a lower threshold with natural electron recoil

rejection, but it was a question if it can work experimentally. The work in this dissertation tried to

answer the question that if a scattering of particles can trigger a magnetic avalanche in an SMM

crystal.

We used two sets of Mn12-acetate crystals. One set was bundled with an Am-241 alpha source,

the other one was not close to the source which worked as a control setup. Our experiment showed

magnetic avalanches were triggered in the main setup but not in the control setup. This suggested

that avalanches were triggered by high energy alpha particles.

The energy threshold of Mn12-acetate we used is quite high as shown in both the calculation

and the experiment. However, once we know the concept is working, it opens the door to test many

other kinds of SMM materials currently existing and those can be newly synthesized to better suit

the need to detect dark matter. Considering that the parameters from different SMM varies widely,

it has the potential to reach a low threshold.

5.2 Future Plans

This work made a prototype of the magnetic bubble chamber. A lot more needs to be done in

the future in order that it can function as a practical detector.

1. A lot of other kinds of SMM materials are available to test, some of them might lead to

better results. Currently, our refrigerator can reach a base temperature of as low as 480 mK.

With some modifications, there is a good chance that we can lower it down to 350 mK. This

should be sufficient to test most SMM materials.

2. It will be very helpful to have a systematic approach to quantify some properties of vari-

ous SMM materials. The value of the thermal conductivity is crucial to estimate the energy
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threshold, but it is not known for most SMM materials. In the majority of cases, the synthe-

sized SMM crystals are very small (in the order of mm), so it is not easy to do the measure-

ment. The relaxation time and the heat capacity of the crystals also need to be measured.

These quantities will help to choose some promising candidates among hundreds of SMM

materials to test.

3. A cryostat that cools down to a lower temperature and stays very stable is preferred. Our

refrigerator can keep the temperature as low as 0.5 Kelvin, but it is not very stable. Some

SMM materials require a lower temperature to exhibit magnetic avalanches. One way is to

place SMM crystals in the helium-3 liquid in the helium-3 pot which can provide a stable

temperature environment. A dilution refrigerator is also an option.

4. The Hall sensor can be replaced by another magnetometer (SQUID, for example). This can

benefit the experiment in two ways: On one hand, the sensitivity of the SQUID is much

better. For some kinds of SMMs, only very tiny crystals can be synthesized, the signals

from a magnetic avalanche are thus small. A highly sensitive magnetometer is essential in

this case. On the other hand, the Joule heat from the hall sensor keeps the experiment stage

from reaching a lower temperature. The SQUID does not have this problem.
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