
A Model of bubble nucleation efficiency for bubble chamber detector

by

Xiang Li

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science

Department of Physics
University of Alberta

© Xiang Li, 2023



Abstract

Bubble chambers using fluorocarbons or noble liquids gases are promising tools for

detecting low-energy nuclear recoils caused by the elastic scattering of weakly inter-

acting massive particles (WIMPs), a type of dark matter. These chambers comprise

a vessel filled with a superheated liquid, which is controlled in terms of pressure

and temperature. Bubble formation occurs when the energy deposition surpasses a

specific threshold defined by the ”heat-spike” Seitz Model. The efficiency of bubble

nucleation from low-energy nuclear recoils in superheated liquids is a crucial factor in

interpreting results obtained from direct searches for WIMPs as dark matter. This

study aims to develop a physics model capable of explaining the observed disparities

between experimental outcomes and the current Seitz model. Molecular dynamics

simulations were utilized to investigate the bubble nucleation threshold, and a Monte

Carlo simulation employing SRIM was performed to obtain the energy transfer in

the target medium. The model also incorporates Lindhard’s theory to enhance accu-

racy and improve predictions of bubble nucleation efficiency. By applying nucleation

efficiency, we can estimate the cross-section exclusion limit for experiments. The

model has been tested with existing experimental data and shows similar detector

responses.
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Chapter 1

Introduction

One of the most challenging mysteries for physicists to solve is the existence and

nature of dark matter. Although its presence is elusive, dark matter's gravitational

in
uence on galaxies and the large-scale structure of the universe are undeniable.

Its abundance, estimated to account for about 85% of the matter in the universe,

has profound implications for our understanding of fundamental physics. Weakly In-

teracting Massive Particles (WIMPs) are among the most intriguing candidates for

dark matter particles. These hypothetical particles, predicted by various theoretical

frameworks, have the potential to elucidate supersymmetric models. Direct detec-

tion experiments use a variety of technologies to search for WIMPs with low-energy

thresholds. A detailed discussion on WIMPs and their detection will be presented in

Chapter. 2.

The primary focus of this work revolves around the bubble chamber detector tech-

nology. In Chapter 3, the principle of operation and an overview of bubble chamber

experiments will be introduced. Notably, the disparity between conventional bub-

ble nucleation theory and experimental observations serves as the motivation for the

present study, which aims to understand the underlying factors a�ecting the e�ciency

of bubble nucleation.

This study employs molecular dynamics (MD) simulations to investigate bubble

formation at the microscopic scale. Chapter. 4 will provide an in-depth analysis of the
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simulation methodology, including detailed descriptions of the simulations conducted

and the resulting outcomes. Furthermore, in Chapter 5, Monte Carlo (MC) simula-

tions will be used to estimate the energy transfer from nuclear recoils to the target

medium as recoiling ions travel through it. By combining the results from both MD

and MC simulations, we can determine the bubble nucleation e�ciency as a function

of nuclear recoil energy. The outcomes of this modeling approach are found to be

consistent with experimental analysis, which is presented in Chapter.6.
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Chapter 2

Dark matter overview

Dark matter has been an intriguing topic in astrophysics and cosmology for several

decades. The concept of dark matter originated in the 1930s, when Swiss astronomer

Fritz Zwicky [1] noted that the observable mass of galaxy clusters couldn't explain

their gravitational behavior.

The term \dark matter" refers to matter that's invisible to telescopes because it

doesn't interact with light or other forms of electromagnetic radiation. However, its

gravitational e�ects on visible matter, like stars and galaxies, allow us to infer its

existence.

Over the years, several theoretical models have been proposed to explain what

dark matter is. One of the most popular theories suggests that dark matter could be

made up of exotic particles beyond the standard model, such as Weakly Interacting

Massive Particles (WIMPs) or axions [2]. Despite extensive research, the true nature

of dark matter remains unknown.

To solve this mystery, various experimental techniques have been developed. One

such technique is indirect detection, which involves detecting cosmic rays such as

gamma and neutrino rays that result from dark matter annihilation and decay. An-

other approach is to look for direct detection evidence of dark matter particles in

laboratory experiments. This area of research is constantly evolving, and remains

an active �eld in both astro and particle physics. In this chapter, readers will gain
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an overview of the history of dark matter evidence discovery, explore the theoretical

models and candidates, and delve into the latest developments in direct detection of

dark matter, with a particular focus on WIMPs [3].

2.1 Evidence

The existence of dark matter has been inferred from its gravitational e�ects on vis-

ible matter, such as stars and galaxies. Several pieces of evidence that indicate the

presence of dark matter in the universe. In this subchapter, we will discuss some of

the most compelling evidence, including galaxy rotation curves, gravitational lensing,

and the cosmic microwave background.

2.1.1 Galaxy rotation curves

One of the earliest pieces of evidence for dark matter came from the study of galaxy

rotation curves. The rotation curve of a galaxy is a measure of its orbital velocity

as a function of distance from the center. According to Newton's laws of motion,

the orbital velocity of stars and gas in a galaxy should decrease as the distance from

the center increases. However, observations of galaxy rotation curves showed that

the orbital velocity remains constant or even increases with distance from the center.

As Fig. 2.1 shows, the rotational velocity distributions of galaxies do not match the

observable matter (disk and gas) at increasing galactic radii. This indicates the

presence of extra invisible mass (halo) that contributes to the galaxies' rotational

velocity. Moreover, the invisible mass in the galaxy is more than can be accounted

for by visible matter alone. This extra, invisible mass is believed to be dark matter

[4].

The observed phenomenon is not limited to individual galaxies; rotation curves of

galaxies within galaxy clusters also indicate the presence of dark matter [4]. In some

cases, the total mass of dark matter inferred from the rotation curve outweighs the

visible mass by a factor of up to 10 to 1 [6]. While the rotation curve is a crucial piece
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Figure 2.1: Observed rotation speed of the NGC 6503 galaxy according to the distance
from its center compared to that predicted by the theory [5]. The disk component
represents the visible mass contribution to the rotational velocity, while the gas com-
ponent represents the interstellar gas contribution. The halo component represents
the contribution of the elusive dark matter halo.
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of evidence in the search for dark matter, it is just one of many methods used to infer

its presence in the universe. In addition to rotation curves, other observation such

as gravitational lensing and the cosmic microwave background have provided addi-

tional independent evidence for the existence of dark matter. These complementary

approaches have allowed scientists to better understand the elusive nature of dark

matter and its role in shaping the structure of the cosmos.

2.1.2 Gravitational lensing

Gravitational lensing is one of the most convincing pieces of evidence for the existence

of dark matter [7]. This phenomenon occurs when the path of light from a distant

object is bent by the gravitational �eld of a massive object, such as a galaxy. The

degree of bending is directly proportional to the mass of the object, enabling scientists

to use gravitational lensing to infer the distribution of matter in the intervening

galaxy cluster, including the distribution of elusive dark matter. The observed lensing

e�ects are consistent with the presence of dark matter around galaxies and in galaxy

clusters [8]. The distribution of dark matter can be mapped out by measuring the

lensing e�ects on the light from background galaxies. These maps have revealed

that dark matter is distributed in a web-like structure, forming large �laments and

clusters of galaxies [9]. As depicted in Fig. 2.2, the galactic dark matter halo mass

creates gravitational lensing that ampli�es further galaxies, including those that were

observable during a time when the universe was less than a billion years old [10].

Gravitational lensing has also been used to study the properties of dark matter.

By comparing the lensing e�ects with computer simulations, scientists can infer the

properties of dark matter, such as its density and clustering properties [11]. One in-

teresting result from these studies is that dark matter appears to be less concentrated

in the centers of galaxies than previously thought, which has led to new questions

about the nature of dark matter and its interactions with visible matter [12].
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