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摘 要

暗物质和中微子的研究代表了目前粒子物理学中最有可能率先发现新物理的两

个突破口。对于前者，物理学家们至今还不了解其具体属性和相互作用方式。相应

地，世界上有一批实验在力求搜寻到不同暗物质模型存在的信号。相较暗物质而言，

中微子的相关理论更为完善一些，但仍有如中微子振荡参数的测量和无中微子双贝

塔衰变等一系列问题在等待着人们的研究。由于无论是暗物质还是中微子，它们与普

通物质发生相互作用的截面都极小，因此此类稀有事例探测实验通常对于实验环境

和辐射本底的要求极为严苛。在此类实验中，实验物理学家们不仅需要极力提升探测

器的灵敏度，更要想办法降低实验的本底水平，以求清晰地分辨出目标事例。

本文首先介绍了有关暗物质和中微子的一些物理图像和研究历史，并展示了相

关领域内目前正在运行或即将开展的几个代表性实验。随后，本文介绍了关于低本底

实验中氡及氡子体的来源以及对于实验的影响原理。氡是目前不同实验探测器中的

一种共同的主要放射性本底。为了降低实验中的氡本底，或是更好地了解实验中残存

的氡本底信息，实验物理学家们研发出了一系列关于氡及氡子体的控制和测量系统。

此外，由于低本底实验中膜类材料的广泛使用，我们需要更好地了解不同膜材料的氡

气阻挡效果。本文详细介绍了氡扩散腔体的设计和实验步骤，并展示了实验中常用到

的四种膜材料的氡扩散系数的测量结果。最后，本文提出了几个未来有可能用于控制

或测量低本底实验中氡本底的方法，希望可以为未来稀有事例探测实验的氡本底控

制带来一些有意义的参考思路。

关键词：稀有事例探测，暗物质，中微子，氡
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ABSTRACT

Research on dark matter and neutrinos represents two of the most promising avenues for
discovering new physics in particle physics today. Regarding the former, physicists remain
uncertain about its specific properties and interactions. Consequently, many experiments
worldwide are striving to detect signals from different dark matter models. In contrast to
dark matter, the theoretical framework for neutrinos is more established, yet issues such as
the measurement of neutrino oscillation parameters and neutrinoless double-beta decay still
require further investigation. Because both dark matter and neutrinos interact very weakly
with ordinarymatter, rare event detection experiments often have extremely stringent require-
ments for the experimental environment and background radiation. Experimental physicists
must not only enhance the sensitivity of detectors but also find ways to reduce background
noise to identify target events clearly.

This thesis first introduces the physical concepts and research history of dark matter
and neutrinos and presents several representative ongoing or upcoming experiments in these
fields. It then explores the sources of radon and its progeny in low background experiments
and explains how they affect the experiments. Radon is a major common radioactive back-
ground in various detectors. Experimental physicists have developed a series of control and
measurement systems for radon and its progeny to reduce radon background or better un-
derstand residual radon levels in experiments. Additionally, due to the widespread use of
membrane materials in low background experiments, it is crucial to understand the radon-
blocking effect of membrane materials. This thesis provides a detailed description of the
design and experimental procedure of the radon diffusion chamber and presents the measure-
ment results of the radon diffusion coefficients for four commonly used membrane materials.
Finally, the thesis proposes several future strategies and methods for controlling or measur-
ing radon background in low background experiments, offering valuable insights for future
rare event detection experiments.

Key words: rare event detection, dark matter, neutrino, radon
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Chapter 1 Introduction to Dark Matter and Neutrinos

Particle physics tries to uncover the fundamental mysteries of the universe and help us
better understand this fantastic world. The establishment of the Standard Model (SM) of
particle physics[1] has provided us with a theory that can describe the interactions between
all known fundamental particles, excluding gravitational interactions. On July 4, 2012, high-
energy physicists at CERN’s Large Hadron Collider (LHC) announced the discovery of the
Higgs boson at 126 GeV/c2. With this discovery, all the elementary particles in the Standard
Model, as shown in Figure 1–1, have been found. However, physicists have increasingly
discovered results that go beyond the predictions of the Standard Model, among which some
may be answered by a category of experiments known as rare decay experiments.

Figure 1–1 Particles of the Standard Model of particle physics. Taken from[2]

Rare decay experiments represent a cutting-edge topic in particle and nuclear physics,
where measurements of atomic decay processes with extremely small reaction cross-sections
or very long half-lives are referred to as rare event detection[3]. In recent years, hot topics
such as the detection of dark matter (DM), the measurement of neutrinoless double-beta
decay (NLDBD), and the measurement of neutrino properties have been pursued. These
experiments are usually extremely challenging, as the infrequent detection events are often
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drowned out by a large amount of background noise, requiring unusually clean experimental
environments and highly sensitive detectors. This chapter will first introduce some basic
information and related research history regarding rare event detection experiments’ frequent
guests: dark matter and neutrinos.

1.1 Dark Matter

Dark matter gets this cool name because it neither emits nor absorbs light. Although all
kinds of theories and experiments about dark matter exist, we know very little about it be-
cause it rarely interacts with ordinary matter in strong or electromagnetic forces. However,
dark matter does matter. Compelling astronomical evidence shows that ordinary matter, as
described by the Standard Model, only makes up 5% of our universe. The rest is composed
of 27% dark matter and 68% dark energy[4]. Therefore, although the task of discovering dark
matter is challenging, scientists must find and understand it, which is essential for under-
standing the composition of matter and the evolution of our universe.

1.1.1 The Evidence for Dark Matter

The research about dark matter can be traced back to the astronomical observations by
Fritz Zwicky in 1933. In his studies of the velocity of galaxies in the Coma Cluster, he
discovered that the cluster contained a significant amount of mass that did not emit radiation.
According to Newton’s law of universal gravitation, if we measure the tangential velocity 𝑣

of visible stars on the disk of a galaxy as a function of their distance from the galaxy’s center
𝑟, we would expect that the velocity of stars farther from the core would decrease following a
1/
√
𝑟 relationship. However, a significant discrepancywas foundwhen comparing theoretical

calculations with observational data.
In 1959, Louise Volders discovered in the study of the rotation curve of the M-33 galaxy

that the velocity of stars far from the galaxy center significantly increased[5], deviating from
what was expected by kinematic laws (see Figure 1–2). Vera Rubin later discovered the
flat galactic rotation curves in ten spiral galaxies[6], which is crucial because it implies that,
unless we are willing to fundamentally challenge Newton’s laws and general relativity at
specific scales, we must acknowledge that most of the mass in galaxies is non-luminous, i.e.,
dark matter. In other words, a vast amount of dark matter is distributed in a spherical halo,
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within which visible galaxies are situated.

Figure 1–2 Rotation curve of M-33 galaxy. Taken from[5]

The evidence from the other side comes from measurements of the Cosmic Microwave
Background (CMB) radiation. The CMB radiation is a gravitationally red-shifted radiation
from ancient photons originating from the early universe that have remained over time. Since
the shape of the radiation power spectrum is determined by the oscillations of the early uni-
verse’s hot gases, identifying the resonance frequencies and amplitudes of these oscillations
can help provide information related to the composition of cosmic matter. Moreover, CMB’s
angular power spectrum measurements match very well with the 𝛬CDM (Lambda cold dark
matter) model in the Standard Model of cosmology. According to data from PLANCK[4,7],
ordinary baryonic matter constitutes only about 5% of the universe, while dark matter ac-
counts for nearly 27%.

Moreover, the existence of dark matter theory can also explain the phenomenon of the
Bullet Cluster, which is one of the most direct pieces of evidence for the existence of dark
matter because the dark matter evidence from this observation does not rely on Newtonian
mechanics. When two clusters of galaxies collide at high speeds, the cross-section for scat-
tering between ordinary matter is much larger than that between dark matter, so the ordinary
matter quickly loses kinetic energy after the collision and remains near the collision point.
However, dark matter does not slow down like those particles. Still, it is propelled by the
immense energy generated by the merging of the galaxy clusters, passing through the center
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Figure 1–3 The Planck 2015 CMB power spectrum. The upper panel shows the 𝛬CDM model’s
spectrum, best matched to Planck TT+lowP data. Taken from[7]

and emerging at the ends of the nebula, causing a separation of ordinary luminous matter and
dark matter. The gravitational lensing effect can calculate the total mass distribution of the
galaxy cluster, and detectors near Earth (such as the Chandra X-ray telescope) can provide
the mass of luminous celestial bodies, thus the existence of dark matter can be explained by
the difference between the two. The result that most of the clusters passed through each other
unperturbed suggests once again that the majority of the clusters are dark matter.

1.1.2 Dark Matter Candidates

To date, we know very little about the properties of dark matter, but some information is
certain. First, dark matter particles must be non-baryonic particles, meaning they do not par-
ticipate in strong interactions. Moreover, dark matter does not interact electromagnetically
with ordinary matter but must interact gravitationally with it. Also, dark matter particles
may have been abundantly present from the early stages of the universe’s formation, and they
should be relatively stable and not prone to decay. In the SM, only neutrinos might fulfill
the requirements to be regarded as dark matter. Still, given the constraints on the density
of neutrinos in the universe, even if neutrinos are dark matter, they can only account for a
tiny fraction of the total amount. Therefore, we must look beyond the SM to find suitable
dark matter particle candidates[8]. The following content will introduce some of the most
compelling candidates.

4



上海交通大学学位论文 Chapter 1 Introduction to Dark Matter and Neutrinos

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M☉	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M☉	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

Figure 1–4 Dark matter candidates in different mass ranges and some of the search techniques.
Taken from[9]

Supersymmetry theory[10] is a unified theory that extends the symmetry of the SM to in-
corporate all four fundamental forces of nature. It posits that every elementary particle in
the SM has a supersymmetric partner whose spin differs by 1/2 from its own. In numerous
supersymmetry models, such as the Minimal Supersymmetric Standard Model (MSSM)[11],
the parity between SM particles and their supersymmetric counterparts must be conserved.
This leads to the production of supersymmetric particles in pairs, with heavier supersymmet-
ric particles decaying into lighter ones, where the Lightest Supersymmetric Particle (LSP) is
expected to be stable. Within these models, the LSP has a residual amount that can explain
the abundance of dark matter in the universe, and its mass range, from GeV to TeV, also
makes it a highly competitive dark matter candidate. Since these particles interact with SM
particles only through gravity and another weak force, similar in strength to the weak nuclear
force, they are commonly referred to as Weakly Interacting Massive Particles (WIMPs)[12].

WIMPs have long been considered the most favored theoretical candidates for dark mat-
ter, mainly due to the “WIMP miracle”, a serendipitous alignment between particle theory,
particle experiment, and cosmology. If WIMPs are stable and exist, they naturally explain
the current abundance of dark matter in the universe. The production of dark matter as ther-
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mal relics from the Big Bang enables us to predict that a particle responsible for all dark
matter would typically have a mass of 100 GeV to 1 TeV[13]. Such weak-scale particles fea-
ture order-one couplings and achieve the correct freeze-out conditions to match the observed
relic density. Moreover, this scenario is consistent with various predictions that extend be-
yond the standard model of particle physics, shedding light on the potential characteristics of
dark matter particles. This miracle indicates that many particle physics models could offer
suitable dark matter candidates. The theoretical elegance and high feasibility make WIMPs
an outstanding candidate for dark matter.

In addressing the strong CP violation problem, physicists introduced a new low-mass
neutral boson, the axion[14-15]. In this theory, a vast and stable population of axions in the
universe could well explain the components of dark matter. The characteristic that axions
can convert into photons in strong magnetic fields is often used as the primary experimental
approach for axion detection. However, even if observed, they could only explain a small
portion of dark matter, much like ordinary neutrinos, rather than its entirety due to the low
density of axons.

Yet, another type of neutrino with sufficient mass could fulfill this role, known as sterile
neutrinos. The neutrinos commonly observed in experiments are left-handed, but accord-
ing to grand unified theory models[16], neutrinos should adhere to the See-Saw mechanism,
suggesting the possibility of the existence of heavy right-handed neutrinos whose masses
are inversely proportional to those of the ordinary left-handed neutrinos[17]. Sterile neutri-
nos would interact with SM particles only through weak interaction and gravity. Since they
would mix with ordinary neutrinos, theoretically, if we could detect them indirectly, the dark
matter in the universe might be identified.

1.2 Neutrinos

To explain the seeming energy conservation law-violating continuous beta decay spec-
trum, Wolfgang Pauli proposed the existence of a very light, electrically neutral particle that
carries away the missing energy. This particle was later renamed “neutrino” by Enrico Fermi.
Thus, the complete beta decay process is represented by Equation 1–1.

𝑛 −→ 𝑝+ + 𝑒− + �̄� (1–1)
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However, due to the neutrino’s extremely weak interaction with matter, people were skep-
tical of its existence, considering it a hypothetical particle invented to save the conservation
laws until the 1950s. It wasn’t until 1956 that Clyde Cowan and Frederick Reines built a large
water tank to observe neutrinos from a reactor undergoing inverse beta decay (as shown in
Equation 1–2). They used water with dissolved CdCl2 (40 kg per hundred liters) as the target
material, where the water tanks were sandwiched between three scintillator layers composed
of many photomultiplier tubes (PMT). By capturing the signals of the produced positrons
and neutrons, the existence of neutrinos was finally directly proven[18-19].

�̄�𝑒 + 𝑝+ −→ 𝑒+ + 𝑛 (1–2)

Later, physicists discovered specific reactions that seemed not to be forbidden yet were
never observed, such as Equation 1–3. Subsequently, muon neutrinos[20] and tau neutrinos[21]

were found. However, research on neutrinos extends far beyond these findings, with many
more questions about this tiny particle being raised over time.

𝜇− ↛ 𝑒− + 𝛾 (1–3)

1.2.1 Neutrino Oscillation

This story should begin with humanity’s never-ending exploration of the sun. To fully
understand the conditions inside the sun, we need to identify which physical processes are
taking place on it. The characteristic of neutrinos that makes them almost unable to interact
with matter allows them to easily pass through the sun and travel a long distance to reach
Earth, making neutrinos the best probes for studying the sun’s interior.

The first experiment to measure solar neutrinos occurred in a mine in South Dakota[22].
Ray Davis used a vast tank filled with chlorine and captured neutrinos through the reaction
shown in Equation 1–4. However, after counting, he only obtained 1/3 of the number of
neutrinos predicted by John Bahcall[23]. So here comes the famous solar neutrino problem:
Why did the remaining neutrinos disappear?

𝜈𝑒 + 37𝐶𝑙 −→ 37𝐴𝑟 + 𝑒− (1–4)

Bruno Pontecorvo proposed a physical explanation[24], which is the mechanism of neu-
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trino oscillation known today. Neutrinos can spontaneously transform from one flavor to an-
other during flight. This theory was later confirmed by experiments like Super-Kamiokande
(SuperK) and the Sudbury Neutrino Observatory (SNO)[25-27].

The theory of neutrino oscillation indicates that neutrinos interact in flavor eigenstates
(𝜈𝑒, 𝜈𝜇 and 𝜈𝜏) but propagate in mass eigenstates (𝜈1, 𝜈2 and 𝜈3). That is to say, flavor eigen-
states are linear superpositions of these mass eigenstates, which mathematically can be rep-
resented with the help of the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix:

©«
𝜈𝑒

𝜈𝜇

𝜈𝜏

ª®®®¬ =
©«
𝑈𝑒1 𝑈𝑒2 𝑈𝑒3

𝑈𝜇1 𝑈𝜇2 𝑈𝜇3

𝑈𝜏1 𝑈𝜏2 𝑈𝜏3

ª®®®¬
©«
𝜈1

𝜈2

𝜈3

ª®®®¬ (1–5)

Similarly, this kind of mixing applies to quarks as well, but with a different matrix. In
the case of neutrinos, each element of the PMNS matrix can be expressed by three mixing
angles (𝜃12, 𝜃23 and 𝜃13) and one phase factor (𝛿):

𝑈𝑃𝑀𝑁𝑆 =
©«

𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒
−𝑖 𝛿

−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒
𝑖 𝛿 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒

𝑖 𝛿 𝑠23𝑐13

𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒
𝑖 𝛿 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒

𝑖 𝛿 𝑐23𝑐13

ª®®®¬ (1–6)

where 𝑐𝑖 𝑗 = 𝑐𝑜𝑠𝜃𝑖 𝑗 , 𝑠𝑖 𝑗 = 𝑠𝑖𝑛𝜃𝑖 𝑗 . Experimentally, we can determine these mixing angles
with neutrinos from various sources. Data on 𝜃12 is sourced from solar neutrinos and reac-
tor antineutrinos, 𝜃23 from atmospheric and accelerator neutrinos, and 𝜃13 from reactor and
accelerator neutrinos. We can get those values in the reference book[28].

𝑠𝑖𝑛2𝜃12 = 0.307 ± 0.017

𝑠𝑖𝑛2𝜃23 = 0.390 ± 0.033

𝑠𝑖𝑛2𝜃13 = 0.0242 ± 0.026

(1–7)

1.2.2 Neutrino Mass Hierarchy

The discovery of neutrino oscillations forces us to acknowledge a phenomenon beyond
the SM, that is, neutrinos have mass, and their masses must be unequal. We know three mass
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splittings for neutrinos today, as shown in Equation 1–8.

𝛥21 = 𝑚2
2 − 𝑚2

1

𝛥32 = 𝑚2
3 − 𝑚2

2

𝛥31 = 𝑚2
3 − 𝑚2

1

(1–8)

Here, only two are independent (𝛥31 = 𝛥21 + 𝛥32). Among these, one splitting is mi-
nor, while the others are significantly larger. Therefore, we naturally hypothesize about the
neutrino mass spectrum in normal or inverted hierarchies (see Figure 1–5 ). However, since
oscillations are sensitive only to the differences in the squares of the neutrino masses, it is
currently difficult to determine the mass of an individual neutrino[29]. Still, we can provide
certain mass constraints through various experiments.

Figure 1–5 The pattern of neutrino masses for the normal and inverted hierarchies. Different
color combinations reflect the mixing ratios of the three different mass eigenstates of neutrinos.

The unit is (eV/c2)2.

It is important to emphasize that the neutrinos we commonly talk about (such as the
electron neutrinos) do not have a definite mass. It is the mass eigenstates, 𝜈1, 𝜈2 and 𝜈3,
that actually have definite mass. The flavor of a neutrino is just a characteristic that changes
over time, not its essence. As we can see from Figure 1–5, when we try to express the mass
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eigenstates in terms of flavor states, the majority of 𝜈1 is 𝜈𝑒, 𝜈2 is essentially a mix of the
three flavors with no significant difference, and 𝜈3 is mainly a half-and-half mix of 𝜈𝜇 and 𝜈𝜏 ,
with a tiny amount of 𝜈𝑒. Of course, current experiments are still unable to tell us the exact
values of these proportions.

1.3 Summary

In the first chapter, we briefly introduced the research history and some basic knowledge
about dark matter and neutrinos, which are two critical guests in today’s rare decay exper-
iments. Currently, the international scientific community has successfully detected cross
sections of WIMP dark matter particles down to below 10−47 cm2 for masses around tens
of GeV. Similarly, the cross sections for neutrinos at the GeV energy scale are also on the
order of 10−38 cm2. This extremely low probability of interaction is precisely why these phe-
nomena are referred to as rare decays. Such low detection rates highlight the challenges in
experimental physics in identifying and studying these elusive particles.

The invisible dark matter comprises about five times the universe’s ordinary matter. Its
existence is inferred from various astronomical observations, such as the rotational speeds of
galaxies and cosmic microwave background radiation. Despite numerous theoretical candi-
dates, like WIMPs, axions, and sterile neutrinos, dark matter still has too much for physicists
to discover. Neutrinos are almost massless and interact weakly with ordinary matter. Their
direct detection marked a milestone in particle physics, leading to the discovery of neutrino
oscillation—a phenomenon where neutrinos change their flavors over distance. This discov-
ery highlights the Standard Model’s inadequacy in explaining all observed phenomena. All
these unknown physics are challenging scientists to devise more innovative detection meth-
ods and never stop their exploration. All these investigations make it clear that while much
has been discovered nowadays, the quest to unravel the universe’s mysteries continues.
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Chapter 2 Rare Decay Experiments

Searching for rare events is crucial for discovering new physics beyond the SM. These
events are called rare events because the half-lives of these reactions are really long. Taking
neutrinoless double beta decay (0𝜈𝛽𝛽) as an example, its half-life is more than 15 orders of
magnitude longer than the universe age[30]. Due to energy constraints, many extremely rare
decays can only be observed at high-energy colliders. However, many underground experi-
ments have shown considerable competitiveness for rare events related to DM and neutrinos.
Excellent experimental environments hundreds to thousands of meters below the surface can
shield against most cosmic ray background radiation, which is why these experiments prefer
to be conducted underground or within mountains. This chapter will focus on introducing the
design concepts and physical objectives of several currently competitive DM and neutrino-
related experiments to provide readers with a more specific and in-depth understanding of
rare decay experiments.

2.1 Dark Matter Experiments

In the quest to detect DM, a multitude of experiments worldwide have been started. As
depicted in Figure 2–1, dark matter detection experiments can be categorized into three types
based on the interaction methods they primarily rely on: direct detection, which seeks sig-
nals from interactions between DM and SM particles; indirect detection, which looks for
signals from the annihilation products of dark matter itself into SM particles; and collider-
based detection, where dark matter particles are produced through collisions of SM particles.
The WIMP model is particularly appealing, leading many large-scale underground experi-
ments (using liquid xenon or liquid argon) to target it. Additionally, numerous experiments
are exploring lighter dark matter models, like the axion. Below, we will introduce several
experiments tailored to different detection technologies.

2.1.1 The LUX-ZEPLIN (LZ) Experiment

The LZ experiment is located at the Sanford Underground Research Facility (SURF)
in Lead, South Dakota, USA, which was previously the site of the LUX experiment. The
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Figure 2–1 Detection methods for thermal dark matter by interacting with SM particles

LZ experiment is an upgraded version of the LUX and ZEPLIN-III experiments[31-32]. It
is a direct detection search experiment to find cosmic WIMP dark matter particles. The
Conceptual and Technical Design reports for the experiment were completed in 2015 and
2017[33-34], respectively. The experiment is expected to achieve a sensitivity of 1.5 × 10−48

cm2 (90% C.L.)[35] for a WIMP with a mass of 40 GeV/c2.
Figure 2–2 (a) displays a schematic cross-section of the LZ detector situated at the 4,850-

foot level of SURF. The detector is encased in a water tank that shields it from external
gammas and neutrons. The core of the experiment, the dual phase xenon time projection
chamber (TPC), is housed within an inner cryostat vessel (ICV). Figure 2–2 (b) shows a
schematic diagram of the assembled TPC. The effective height and diameter of the TPC are
both 1.456 meters. Inside the TPC, 7 active tonnes of LXe are filled above the cathode, with
an additional approximately 5.6 tonnes of fiducial mass[36].

Like other experiments that utilize a TPC for signal detection, themain detection principle
of the LZ experiment involves detecting signals from secondary particles produced when
WIMPs scatter off nuclei. These signals can be detected by Photomultiplier Tubes (PMT)
arrays positioned above and below the interaction site. Specifically, the initial scintillation
light signal and the recombination of electron-ion pairs both contribute to the formation of
the S1 signal. Electrons that do not recombine are driven by an electric field to drift toward
the gas-liquid interface, where they are extracted into the gaseous xenon by an extraction
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(a) The diagram of the LZ experiment. Taken
from[33]

(b) The assembled TPC, photo by Matthew Ka-
pust, Sanford Underground Research Facil-
ity. Taken from[36]

Figure 2–2 The major subsystems and TPC detector of the LZ experiment

field. Under the influence of a stronger electric field in the gas, these electrons collide with
xenon atoms, causing electroluminescence and generating the S2 signal. The reconstruction
algorithm uses the S2 signal to provide the horizontal location of the event, and the time
interval between the fast-traveling S1 signal and the slower S2 signal offers information on
the vertical position of the event. The nature of the interaction between a WIMP and a xenon
atom, whether it is an electronic recoil (‘ER’) or a nuclear recoil (‘NR’), can be inferred from
the energy partitioning between the S1 and S2 signals.

2.1.2 The PandaX-4T Experiment

The PandaX (Particle ANDAstrophysics experiment with Xenon) experiment is an inter-
national physics experiment led by Shanghai Jiao Tong University that focuses on the direct
detection of dark matter and neutrinos. Established in 2009, the first phase, PandaX-I[37],
equipped with a 120 kg liquid xenon target, began collecting data in 2014. The second phase,
PandaX-II[38], featuring a 580 kg liquid xenon target, started data collection in 2016. The third
generation of the experiment, PandaX-4T, which uses a 3.7 t liquid xenon target, began a trial
run in November 2020 and is expected to accumulate data up to an exposure of 6 ton-years.
The experiment is located at the China Jin-Ping Underground Laboratory (CJPL) in Sichuan,
China, situated under approximately 2400 meters of rock. The laboratory houses two exper-
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imental halls, CJPL-I and CJPL-II, which are shared by multiple experiments. In 2021, the
results from the commissioning run provided a stringent limit on the cross-section of dark
matter-nucleon spin-independent interactions at 3.8 × 10−47 cm2 (90% C.L.)[39] for a WIMP
with a mass of 40 GeV/c2.

(a) The conceptual view of the ultrapure wa-
ter shield for PandaX-4T experiment. Taken
from[40]

(b) Cross sectional view of the PandaX-4T TPC.
Taken from[40]

Figure 2–3 The water tank and TPC of the PandaX-4T experiment

The PandaX-4T detector is housed within an ultrapure water tank, as shown in Figure 2–
3(a), to shield it from external gamma rays and neutrons. The TPC is placed inside an inner
vessel made of low-background stainless steel. Surrounding this, an outer vessel provides
vacuum thermal insulation for the inner vessel. The design of the TPC is cylindrical, as
illustrated in Figure 2–3(b), with a diameter of 1.2 meters and a height of 1.3 meters. Within
the TPC, the gate and anode employ grid electrodes to provide high voltage and enhance
transparency, while the cathode uses wire electrodes. The detection principle of this detector
is similar to that used in the previously mentioned LZ experiment. The experiment will
contain a total of approximately 6 t of liquid xenon, with about 4 t located within the sensitive
volume of the TPC.

2.1.3 The DarkSide-20k Experiment

The DarkSide-20k experiment is a collaborative effort initiated by the Global Argon Dark
Matter Collaboration (GADMC), which is mainly composed of four world-leading liquid
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argon dark matter projects: ArDM, DarkSide-50, DEAP-3600 and MiniCLEAN. Located
deep underground at the Laboratori Nazionali del Gran Sasso (LNGS), this experiment plans
to operate a liquid argon time projection chamber (LAr TPC) with a total exposure of 200t
yr. It aims to achieve a search sensitivity of 7.4 × 10−48 cm2 for 1 TeV/c2 WIMPs[41].

Figure 2–4 The conceptual drawing of the DarkSide-20k experiment. Taken from[41]

Figure 2–4 illustrates the cross-sectional view of the detector for the DarkSide-20k ex-
periment[41]. The entire detector will be housed within a massive water tank in Hall C of the
LNGS. A stainless steel spherical surface features a 6.6-meter diameter flange, ensuring an
access path to the LAr TPC. Building on the success of DarkSide-50, the external structure
of DarkSide-20k comprises a large cryostat chamber, designed to shield against cosmic radi-
ation. Inside the cryostat lies the veto chamber, which serves to eliminate background signals
from WIMP-nucleon collisions. At the core of the setup is the TPC, which is the principal
detector of the DarkSide-20k experiment. The detection principle of the TPC is similar to
that described in the previous chapter for the LZ experiment. However, unlike the TPC dis-
cussed earlier, the DarkSide-20k experiment does not use PMTs but instead employs Silicon
Photomultiplier (SiPM) arrays to detect collision events. This update is expected to improve
single photon resolution, increase photo-detection efficiency, and reduce background, given
the intrinsic radiopurity of silicon.
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2.2 Neutrino Experiments

Research on neutrinos is slightly more transparent than today’s dark matter studies, but
many crucial open questions are still awaiting exploration. For instance, the exact mass order-
ing of neutrinos, precise measurement of neutrino oscillation parameters, studies on sterile
neutrinos, measurements of neutrinoless double-beta decay, and neutrino coherent scattering
are all areas of active inquiry. Below, we will briefly introduce several planned or ongoing
underground neutrino experiments.

2.2.1 The Jiangmen Underground Neutrino Observatory (JUNO)

The JUNO experiment was first proposed in 2008 and approved in 2013, and its Concep-
tual Design Report was published in 2015[42], followed by some further optimizations. The
experiment is located in an underground laboratory beneath over 700 meters of mountain
rock, approximately 53 kilometers from the Yangjiang and Taishan Nuclear Power Plants
(NPP) in Guangdong, China. This location offers the best sensitivity for determining the
mass ordering of neutrinos. The experiment aims to address various vital issues in neutrino
and astroparticle physics with excellent energy resolution and a sizeable fiducial volume. Its
primary goal is to determine the neutrino mass hierarchy with a 3–4 𝜎 significance. The
related physics objectives have been detailed in the JUNO Yellow Book[43].

The JUNO detector is filled with 20 kilotons of liquid scintillator (LS). As illustrated in
Figure 2–5, the central detector (CD) is a liquid scintillator detector housed within a spherical
acrylic vessel. It is expected to achieve an energy resolution of 3.02%

√
𝐸(MeV)[44]. The CD

is submerged in a 44-meter-tall water pool designed to shield against surrounding radioactive
particles. This water pool is equipped with PMTs to detect Cherenkov light produced by
cosmic muons. Above the water pool is a Top Tracker (TT), essentially a muon tracker,
which is used to detect the directions of muons accurately.

The main signals in the JUNO experiment come from the antineutrinos emitted by nu-
clear reactors. The experiment detects electron antineutrinos through the inverse beta decay
(IBD) interaction, as demonstrated in Equation 2–1 . The positrons produced rapidly de-
posit energy and ultimately annihilate to produce two 511 keV photons. This prompt energy
includes the kinetic energy of the positron and the annihilation energy of the two 511 keV
photons. Meanwhile, neutrons are captured by hydrogen or carbon atoms and release a 2.2
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Figure 2–5 Schematic view of the JUNO detector. Taken from[44]

MeV photon about 200 𝜇𝑠 later, providing a delayed signal. Additionally, JUNO can also
measure neutrinos’ properties by utilizing various neutrino sources such as solar neutrinos,
reactor neutrinos, beam neutrinos, etc. These diverse sources enable comprehensive studies
across different environments.

�̄�𝑒 + 𝑝 −→ 𝑒+ + 𝑛 (2–1)

2.2.2 The Next Enriched Xenon Observatory (nEXO)

The nEXO experiment, proposed by the nEXO collaboration, was outlined in the Pre-
Conceptual Design Report published in 2018[45]. Building on the foundation of the EXO-
200 experiment, which successfully operated from 2010 to 2018 at the Waste Isolation Pilot
Plant (WIPP) underground site in NewMexico, the nEXO aims to enhance the mass of liquid
xenon (LXe) and upgrade the detector for a more sensitive search for neutrinoless double beta
decay in 136Xe. It is expected to achieve over a 100-fold increase in sensitivity compared to
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EXO-200. The nEXO experiment plans to collect data over a decade to reach a sensitivity
equivalent to 9.2 × 1027 years (90% C.L.).

(a) Overview of the nEXO detector concept. Taken
from[45]

(b) The cross section of the TPC of the
nEXO experiment. Taken from[46]

Figure 2–6 Conceptual sketch of the nEXO experiment and TPC detector

Although the final location of the underground facility has yet to be confirmed, Figure 2–
6 in the report presents a schematic assuming the detector will be placed in the underground
Cryopit at the Sudbury Neutrino Observatory Laboratory (SNOLAB) in Sudbury, Ontario,
Canada. The nEXO experiment’s LXe TPC and cryogenic system are primarily based on the
designs from the EXO-200 experiment. The TPC will be housed inside a massive water tank
in a large double-walled cryostat filled with a fluorinated organic fluid (HFE-7000 by 3M).
This setup provides shielding from external gamma rays and fast neutrons while ensuring the
LXe temperature remains stable over long periods.

The nEXO experiment’s TPC will contain 5 tons of 90%-enriched liquid xenon. Un-
like previous detectors that featured two back-to-back TPCs with a common cathode, the
nEXO TPC has a single cathode and anode, making the detector a homogeneous unit. This
design reduces the internal radioactive background and utilizes 𝛾-attenuation in LXe more
effectively. The nEXO experiment employs VUV-sensitive SiPMs for light readout to collect
xenon scintillation light. The SiPMs are positioned around the edge of the TPC, behind the
field shaping rings. To achieve an energy resolution of 1% at the 2.5 MeV xenon Q-value,
nEXO has optimized the use of plastics in direct contact with LXe, thus omitting the use of
PTFE reflectors inside the TPC. However, some surfaces, such as the field shaping rings, are
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made reflective.

2.3 Summary

This chapter highlighted several competitive experiments that will search for rare events
in exploring physics beyond the SM. Due to their extremely long half-lives and sensitivity to
background noise, these rare events require specialized underground laboratories and ultra-
low radioactive detectors to search them accurately.

For DM research, two leading experiments included in the Generation 2 (G2) Dark Mat-
ter experiment program in the 2023 P5 report were examined: the LZ experiment and the
DarkSide-20k experiment. Both of these experiments focus on direct detection but use dif-
ferent targets. The LZ experiment uses a dual-phase xenon TPC to detect cosmicWIMP dark
matter particles and has started data-taking in 2021. The DarkSide-20k experiment employs
a liquid argon TPC with SiPM arrays to improve detection efficiency at the LNGS in Italy.
Data-taking of the DarkSide-20k experiment is scheduled to begin around 2025. Addition-
ally, the China-based PandaX experiment has demonstrated significant competitiveness in the
race for dark matter direct detection. The experiment is expected to be upgraded to a multi-
ten-tonne scale liquid xenon experiment (PandaX-xT) to approach the “neutrino floor”. All
these experiments aim to significantly enhance the sensitivity to the cross-section of WIMPs.

This chapter also introduced two underground projects for neutrino experiments: the
JUNO and nEXO experiments. JUNO, situated beneath over 700 meters of mountain rock in
Guangdong, China, aims to address critical questions in neutrino physics, including deter-
mining the neutrino mass hierarchy. It uses a large liquid scintillator detector with excellent
energy resolution. nEXO, with a considerable probability of being located at the SNOLAB,
is designed to explore neutrinoless double-beta decay using a single-phase xenon TPC. It
is worth mentioning that the JUNO experiment aims to begin the data-taking around 2024,
whichwill be 4-5 years earlier than theDUNE experiment and give the result of neutrinomass
hierarchy faster. After that, JUNO physicists plan to upgrade it to an experiment focusing on
the NLDBD problem around 2030.

Together, these experiments represent the forefront of research into rare events, aiming
to unravel the mysteries of dark matter, neutrinos, and other phenomena beyond the SM.
Through sophisticated experimental setups, sensitive detectors, and rigorous shielding from
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cosmic and background radiation, these projects continue to push the boundaries of our un-
derstanding of the universe.
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Chapter 3 Radon Backgrounds in Underground Experiments

In experiments designed to detect rare events, the target events often have extremely low
rates and can be overwhelmed by a large number of background noise. Consequently, control-
ling the experimental background’s level and clearly understanding the residual background
is crucial. In most deep underground experiments, including those mentioned previously,
radon background is a significant challenge. Its ubiquitous and pervasive nature makes its
complete elimination nearly impossible. Particle physicists can take two main approaches:
first, selecting materials with lower levels of radioactivity for constructing detectors, and sec-
ond, performing thorough and efficient cleaning of these materials before use to minimize
their radioactive content. To date, various methods for radon removal or precise measure-
ment of radon emanation rates have been developed and implemented. In this chapter, we
will discuss the sources of the radioactive element radon in experiments, its impacts, and con-
clude with some typical experimental apparatus and methods currently used for measuring
or removing radon.

3.1 Properties and Origins of Radon

Radon, with an atomic number of 86, is a colorless, odorless, noble gas at standard tem-
perature and pressure (STP), making it undetectable by the human senses. All 39 isotopes
of radon are radioactive, with mass numbers ranging from 193 to 231. The relatively stable
isotopes, 222Rn and 220Rn, originate from the decay chains of 238U and 232Th, respectively
(see Figure 3–1). Although radon has a short half-life, its continuous production through
these long decay chains allows it to persist on Earth for extended periods. Radon’s radioac-
tive decay produces several other radioactive nuclei, known as “radon daughters”, which are
significant background sources in rare event detection experiments. Additionally, these par-
ticles can easily attach to dust and be inhaled, posing health risks to humans. Notably, 222Rn
has been classified as a carcinogen by the International Agency for Research on Cancer.

Due to the presence of radon-rich rocks and groundwater around underground laborato-
ries, radon can diffuse into the air. Additionally, the materials used to construct detectors
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Figure 3–1 Decay chain of 238U and 232Th. Taken from[47]

typically contain radioactive elements such as 238U, 232Th, 137Cs, and 60Co. Of these, 238U
and 232Th undergo decay processes that release radon gases 222Rn and 220Rn. Most radon in
experiments comes from air leaks or radon emanation from materials used to construct de-
tectors. As shown in the left subplot of Figure 3–1, 222Rn originates from the decay of 238U
and has a half-life of 3.82 days. The 222Rn eventually disperses into the sensitive volume of
the detectors, contributing to the background signals. On the other hand, 220Rn, which stems
from the decay chain of 232Th, has a much shorter half-life of 55 seconds. For a time, it was
believed that 220Rn’s contribution to the experimental background could be negligible due to
the minimal amount of gas released from materials and its short half-life. However, increas-
ing experimental demands and subsequent simulations have shown that 220Rn can contribute
to the beta spectra background in experiments. More details on this will be discussed later.

3.2 The Impact of Radon Backgrounds in Rare Decay Experiments

3.2.1 222Rn Chain

From the decay chain shown in Figure 3–1, we observe that the decay of 222Rn becomes
a source of alpha particles. These high-energy alpha particles can deposit energy in the MeV
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range, ionizing the target atoms in the detector and leading to high recombination yields.
Furthermore, these alpha particles may also interact with nuclei in detector materials, such
as fluorine in Teflon, in (𝛼, n) reactions[48] to produce neutrons (see Equation 3–1). These
neutrons, due to their scattering within the detector, are also common contributors to back-
ground events.

𝛼 + 19𝐹 −→ 𝑛 + 22𝑁𝑎 (3–1)

In addition to producing alpha particles, this decay chain also includes several beta-
emitting radioisotopes. Among them, 210Pb has a half-life of 22.2 years, which is long enough
to ensure that it and subsequent daughter nuclei can be absorbed onto the cathode or be
flushed out of the detector with the circulation system before decaying. Therefore, the im-
pact of decay following 210Pb can be disregarded. However, the potential for 210Pb and its
progeny leaching off surfaces requires further study[49]. Additionally, the impact of 214Bi is
not a significant concern. 214Bi decays to 214Po through beta decay, and 214Po, with a half-
life of only 164 𝜇s, quickly emits a high-energy 𝛼. Thus, these events can be identified and
excluded through 𝛽-𝛼 coincidence detection. Therefore, only the beta decay signals from
214Pb need to be considered for their contribution. This is also why 214Pb is the principal
background in the energy range of dark matter.

3.2.2 220Rn Chain

The contributions of alpha particles and neutrons to the background in the decay chain
of 220Rn are similar to those in the 222Rn decay chain. Taking the previously mentioned LZ
experiment as an example, Figure 3–2 displays the alpha energy spectrum of its background,
providing some insights into the proportional contributions of various isotopes. It’s worth
noting that the portions for 216Po and 220Rn are not shown. This is because 216Po is not well-
resolved in the displayed range, and the contribution from 220Rn is minimal and overlaps with
that of 218Po, making it too difficult to identify.

The contributions to the remaining background from both decay chains are also quite
similar. Due to 212Bi having a short-lived daughter, 212Po, with a half-life of only 300 ns,
they can be identified through Bi-Po coincidence. 208Tl undergoes beta decay, but it has no
“naked” decay modes, meaning it can be identified through its observable accompanying
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Figure 3–2 Comparison of alpha energy spectra in the LZ experiment: TPC events with basic cuts
vs. SS events in fiducial volume. Taken from[49]

gamma rays, so it’s not a significant concern. Therefore, only the contribution from 212Pb
needs to be considered. However, due to the shorter half-life of 220Rn compared to 222Rn,
its concentration is significantly lower, leading us to expect that the activity of 212Pb will be
lower than that of 214Pb.

3.3 Techniques for Radon Emanation Measurement and Removal

Controlling the radon background effectively requires various efforts. This section will
introduce some major radon-related techniques used in current experiments with high back-
ground level requirements. Through these techniques, particle physicists aim to reduce radon
background levels in their experiments and gain clearer insights into residual radon back-
ground situations.

3.3.1 Ultra-trace Radon Measurement System

Despite thorough cleaning procedures, radon gas can still emanate from the surface of
materials. Therefore, we need detectors capable of accurately measuring the radon emana-
tion rate from the materials used to construct experimental detectors. The most mainstream
and effective method currently is the electrostatic collection of radon daughters, which can
achieve measurement sensitivities several orders of magnitude better than commercial radon
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detectors in low background experiments. Figure 3–3 shows a typical schematic of an elec-
trostatic detector used in the SuperNEMO experiment[50], which is a neutrinoless double beta
decay experiment. The interior of the detector chamber is made of electro-polished stainless
steel[51]. Today, to achieve even lower background levels for the experimental detector itself,
various polishing methods, including but not limited to mirror polishing, are being employed
in the treatment of the electrostatic detector chamber. These treatments will help enhance
the sensitivity of the detector to lower trace levels.

Figure 3–3 Schematic of the electrostatic detector for the SuperNEMO experiment. Taken from[51]

We will briefly explain the principle of this type of method using the classic detector
structure shown in Figure 3–3. Typically, the metal detector chamber is grounded, and neg-
ative high voltage is applied to the detector through a bias circuit, specifically to the Si PIN
Diode, thus establishing an electrostatic field between them. About 87.3% of radon progeny
in the air carry is positively charged[52] because the recoil energy from alpha decay ionizes
some of their outer electrons, leaving the nucleus with more positive than negative charges.
Under the influence of the electric field, these positively charged ions are collected on the sur-
face of the PIN Diode. Once they decay, particularly through alpha decay, they are likely to
deposit energy in the detector, with the amount of energy being proportional to the generated
charge. This data is ultimately recorded as waveforms, which will be used for subsequent
energy spectrum analysis.
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Figure 3–4 The scenario depicted in the figure assumes an initial introduction of 1 Bq of 222Rn into
the chamber. It shows that approximately after 0.17 days, the radioactive activities of various

elements tend to converge.

In the experiment, we need to place the material to be tested inside the chamber, where
radon from the material will continue to get released into the air over time. Figure 3–4
illustrates the variation in radioactive activity of different isotopes over time (in days) in
this kind of process. After introducing 1 Bq of 222Rn into the chamber, it only takes a few
hours for the radioactive activities of all the nuclides to reach equilibrium with the radon
gas. Therefore, by measuring the alpha decay rates of 218Po and 214Po at equilibrium, we can
determine the radon number concentration and thus establish the level of the material’s radon
emanation rate.

3.3.2 Cold Trap Enrichment System

Many low background experiments require extremely stringent control of radon contami-
nation, with some standards demanding less than 1 µBq/kg, a level often unachievable by the
radon emanation chamber mentioned earlier alone. Therefore, for materials with exception-
ally low radon backgrounds or volumes that exceed the capacity of the emanation chamber,
we need to combine some new approaches to the radon detector, namely the cold trap enrich-
ment system.
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Figure 3–5 Schematic view of the cold trap enrichment system in the CDEX experiment. Taken
from[53]

Figure 3–5 shows the radon measurement system used in the CDEX experiment, capable
of detecting radon at the µBq/m3 level[53] . This system combines a cold trap enrichment setup
with electrostatic radonmonitors, using flow controllers to manage the speed at which sample
gas passes through the subsequent cold trap. During the radon absorption process, 20 g of
activated charcoal is immersed in liquid nitrogen, which liquefies the radon gas using the cold
temperature of the liquid nitrogen and steadily adsorbs radon from the sample gas. During
the desorption process, the activated charcoal is heated to 200 ◦C to release the radon gas,
which is then transferred from the cold trap to the subsequent radon detector for measurement
by exploiting the pressure difference.

3.3.3 Activated Carbon Radon Removal System

Liquid xenon is considered one of the ideal target materials for many low background
experiments due to its large mass number and the absence of long-lived radioactive isotopes
among other advantages. Therefore, there is typically a need in these experiments to reduce
the level of radon mixed with the xenon to extremely low levels. Since both Rn and Xe are
noble gases, physical methods could be attempted to separate them. A common approach is
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the use of an activated carbon trap. The differing van derWaals forces exerted by the activated
carbon on each gas result in different propagation speeds through the carbon. Experiments
have shown that the ratio of their mean propagation velocities in a trap at -85 ◦C is 𝑣𝑅𝑛/𝑣𝑋𝑒 =
(0.96 ± 0.10) × 10−3[54]. Effectively leveraging this characteristic can aid in reducing the
overall radon concentration in the xenon carrier gas.

Figure 3–6 Schematic diagram of the activated carbon radon removal system in the XMASS
experiment. Taken from[54]

Figure 3–6 shows a schematic of the activated carbon radon removal system used in the
XMASS experiment. The trap is typically immersed in a coolant storage tank to maintain
a low temperature (in this case, -85 ◦C). The system also allows the trap to be heated to
120 ◦C, enabling the activated carbon to release all previously adsorbed radon. This method
facilitates the efficient removal of radon contamination from xenon gas. Furthermore, one
can envision that if the trap’s tubing is sufficiently long, a significant portion of the radon
will decay before re-emerging from the column, thereby achieving more effective removal.

Figure 3–7 illustrates a radon reduction system used in the LZ experiment[55]. Due to the
significant impact of water vapor and other impurities on the performance of the carbon trap,
the system requires extremely pure rare gases. The SAES high temperature getter shown in
the figure is employed to purify Xe and Ar gases during the experiment continuously.

Before each measurement, gas is passed through a series of connected pathways compris-
ing a charcoal trap and two radon detectors to assess the radon background levels within the
entire system channel. After the carrier gas passes through the 222Rn source for three min-
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Figure 3–7 Schematic view of the radon reduction and evaluation system in the LZ experiment.
Taken from[55]

utes, it enters the charcoal trap in a sharp, short pulse. During each measurement, the carrier
gas continuously flows through the trap. The design of the gas system in this setup allows for
the study of the adsorption effects of 222Rn on charcoals under varying pressures. The detec-
tion principles of the subsequent electrostatic chamber are consistent with those mentioned
earlier. Their experiments indicate that Saratech (Blücher GmbH.) is the commercial char-
coal brand that can more efficiently remove radon. Additionally, treatment with high-purity
nitric acid (HNO3) etched can further reduce the intrinsic 238U in Saratech, thereby further
lowering its radon activity.

3.3.4 Radon Distillation Column

Another radon reduction strategy that can help us lower the radon levels in the target
materialsis the radon distillation column. In this method, we primarily leverage the different
saturated vapor pressures of radon and xenon at the same temperature. According to Raoult’s
law, radon tends to enrich in the liquid phase, while xenon is more prevalent in the gaseous
phase. Therefore, we can separate xenon from radon by removing it from the top, while the
radon remains trapped in the liquid xenon at the bottom until it decays. For the XENONnT
experiment, as shown in Figure 3–8, this distillation column[56] will be a towering structure
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at 3.8 meters tall.

Figure 3–8 Schematic view of the radon distillation system for the XENONnT detector. Taken
from[56]

Figure 3–8 shows the four main components of the radon distillation column: the pack-
age tube, the reboiler, the top condenser and the compressor. The package tube effectively
manages liquid xenon flow and distribution. It ensures even distribution across its diameter
and adjusts for thermal changes. The reboiler serves a dual function. Its top half is designed
to trap 222Rn until it decays, ensuring it does not re-enter the system. Secondly, it acts as a
xenon-xenon heat exchanger. This setup facilitates the evaporation of xenon into the package
tube and the re-liquefaction of purified xenon at the bottom. The top condenser creates a re-
flux with a ratio of 0.5, which enhances the separation efficiency. It provides 1 kW of cooling
power using liquid nitrogen to maintain optimal temperatures and ensure the stability of the
distillation process. The compressor features four radon-free, magnetically coupled piston
pumps. These pumps re-liquefy gaseous xenon from the top condenser, ensuring continuous
circulation and efficient xenon processing within the system.

This column can operate in two modes: LXe mode and GXe mode. In LXe mode, liquid
xenon is directly extracted from the detector, purified, and then fed back into the detector.

30



上海交通大学学位论文 Chapter 3 Radon Backgrounds in Underground Experiments

GXe mode, on the other hand, involves extracting gaseous xenon to remove radon released
both fromwithin the detector and from external components such as tubing and cables. In this
radon distillation column, combining both operating modes is expected to achieve a radon
reduction by a factor of 4.7.

3.4 Summary

This chapter has discussed the significant challenge of radon backgrounds in underground
experiments designed to detect rare events. The persistent and ubiquitous nature of radon,
particularly the isotopes 222Rn and 220Rn, requires meticulous management to minimize their
impact on experimental outcomes. Due to the radon’s origin from the decay chains of 238U
and 232Th, it is often present in the materials used to construct detectors and can infiltrate
experiments via air leaks or material emanation.

Particle physicists employ two primary strategies to control radon levels: the selection of
low-radioactivity materials for detector construction and the efficient and thorough cleaning
of these materials. Additionally, we have reviewed several practical techniques currently
employed to measure and remove radon, such as electrostatic collection of radon daughters
for measurement and using activated carbon for radon removal. These methods have shown
significant potential in reducing radon contamination levels in sensitive experimental setups.

In summary, while the complete elimination of radon is nearly impossible due to its
natural ubiquity and the presence of radon-emitting materials within the experimental infras-
tructure, ongoing research and technological advancements provide effective strategies for
managing radon levels. These efforts are vital for the success of experiments that depend on
minimizing background noise to detect rare particle interactions.
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Chapter 4 Symmetric Radon Diffusion Chamber Design

In recent years, the challenge of managing radon release and its diffusion has become
increasingly significant for low background experiments. In practice, membrane materials
have been employed to block radon and its progeny. In specific experiments like the JUNO
experiment, a coating is applied to the detector’s surface during construction to prevent radon
penetration. Furthermore, these membrane materials are also utilized to shield the cleaned
components of the detector during transport, safeguarding them from airborne radon infiltra-
tion. Nonetheless, the effectiveness of these materials is naturally limited by the permeation
of radon gas. In evaluating this performance, various devices have been developed tomeasure
the radon diffusion coefficient of different materials, ranging from membrane materials[57-58]

to others such as concrete and air[59]. In this chapter, we will introduce a new detector with
a symmetric radon detector cavity, leveraging the electrostatic collection technique of radon
decay products discussed in the previous chapter. This innovative compact detector offers
some fresh perspectives on determining the radon diffusion coefficients for various mem-
brane materials.

4.1 Overview of the Experimental Setup

Figure 4–1 provides a detailed overview of the experimental setup for our system. The
main components consist of two symmetrical cylindrical stainless steel chambers, each with
a diameter of 0.165 m. The detailed geometric parameters of these chambers are shown in
Figure 4–2 (a). The two sub-chambers are sealed in the middle by two O-rings, as depicted
in Figure 4–2 (b). The test membrane can be seamlessly inserted into the central section.
This O-ring design ensures the system is tightly sealed while preventing any damage to the
membrane materials being tested, thereby avoiding gas leaks.

One of the sub-chambers is equippedwith a 1/4 VCR connector in its center, which is used
to connect a radiation source. In the experiment, we utilize a flow-through 226Ra radioactive
source, as shown in Figure 4–3. It contains a small amount of solid 226Ra particles that
continuously and stably produce 222Rn. Filters and spherical valves are installed on both
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Figure 4–1 Diagram depicting the experimental arrangement: 1 - Stainless steel chamber; 2 -
Silicon PIN diode; 3 - Ball valve; 4 - Radium source (226Ra[60]); 5 - Membrane material for testing;

6 - Pre-signal amplifier box; 7 - Digital multi-channel analyzer (Digital MCA, DT5780[61]); 8 -
Desktop computer.

sides of the tubing to control the on and off states of the radioactive source.

(a) Section parameter diagram of stainless steel
cavity

(b) Photo of the O-ring seal

Figure 4–2 Stainless steel cavity and O-ring seals display

Each sub-chamber is equippedwith a pair of SHV-10 2-pin high vacuum coaxial feedthroughs
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with embedded contacts, designed to install Si PIN Diodes. We use the S3204-09 model of
commercial silicon PIN photodiodes[62] from Hamamatsu Corporation in Japan, which ex-
hibit good energy resolution at room temperature (see Figure 4–4). We provide a working
voltage of 70V to the Si PIN through a bias circuit, while applying a negative high voltage
of -1600V to the silicon crystal.

Figure 4–3 Photo of the gas type 226Ra radioactive source

The silicon PIN diode produces an initial electrical signal that will be first amplified by a
pre-signal amplifier. Figure 4–5 shows the circuit diagram for the bias circuit. Capacitors are
included in the circuit to minimize the impact of noise from the power supply, and a capacitor
at the signal output end is used to decouple AC signals from the DC high voltage. The circuit
also features a ±12V power supply to provide the operating voltage for the preamplifier. At
the same time, electrolytic capacitors are used to prevent damage to the preamplifier in case
of reverse power connection. Two 50-ohm resistors in the circuit serve to match impedance
at the signal end, and a series resistor circuit is used above to achieve voltage division.

Figure 4–4 Photo of the silicon PIN photodiodes

The amplified signal is then transmitted to the multi-channel analyzer (MCA) and a per-
sonal computer (PC). For real-time data management, including readout and storage on the
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Figure 4–5 The circuit diagram of the bias circuit

PC, we utilize the COMPASS software. This program enables the observation of real-time
energy spectra and the logging of spectral data over time. These spectra provide insights into
the progression of the radon decay chain within the chamber.

To reduce measurement errors due to the cavity structure flanking the membrane, we en-
gineered the cavity with a symmetrical design. The appropriateness of this design was con-
firmed by simulating the electrostatic field distribution given the system’s current geometry
and material characteristics. These simulations were conducted using COMSOL software,
and the results are depicted in Figure 4–6. As expected, the diagram shows a clearly defined
symmetrical electrostatic field. This symmetry is vital as it significantly reduces the effects
of structural asymmetry on particle detection efficiency on both sides. Additionally, the neg-
ative high voltage configuration is designed to ensure effective attraction of the positron body
towards the semiconductor within the electric field.

Figure 4–6 Simulation result of the electrostatic field
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4.2 Radon Diffusion Model

The physical process of radon diffusion in our system is typically characterized by Fick’s
Law and the diffusion equation:

𝐽 = −𝐷∇𝐶 (4–1)

𝐷∇2𝐶 − 𝜆𝐶 =
𝜕𝐶

𝜕𝑡
(4–2)

where 𝐽 is the rate of radon flux per unit area, 𝐷 is the radon diffusion coefficient,𝐶 is the
radon number concentration in the chamber, and 𝜆 is the radon decay constant (2.1×10−6𝑠−1).

When investigating radon solubility in various materials, we observe a proportional rela-
tionship between radon concentrations inside and outside themembrane surface, as described
by Equation 4–3. This finding aligns with prior research[63].

𝐶′
𝑖 = 𝑆𝐶𝑖 (4–3)

In this equation, 𝐶𝑖 represents the radon number concentration outside the membrane,
while𝐶′

𝑖 denotes the concentration inside. The solubility of radon in themembrane compared
to the gas phase is represented by 𝑆. At equilibrium time 𝑡,𝐶𝑖 (𝑡) can bemeasured using radon
detectors positioned on both sides of the membrane. The subsequent sections will outline the
method for obtaining these parameters by analyzing the radioactivity of radon daughters on
each side of the membrane through our system.

We don’t need to consider solubility 𝑆 when calculating the average diffusion coefficient.
By focusing on the external concentration𝐶𝐵 (where B indicates the side opposite the radium
source), Equations 4–1 and 4–2 allow us to derive:

𝜕𝐶𝐵

𝜕𝑡
= −𝐷𝑎𝐴

𝑉𝐵

· 𝐶𝐵 − 𝐶𝐴

𝑑
− 𝜆𝐶𝐵 (4–4)

where 𝐷𝑎 is the average diffusion coefficient, 𝐴 is the membrane surface area, 𝑑 is the
membrane’s thickness, and 𝑉𝐵 is the chamber volume on the B side. When equilibrium is
reached, the number concentration on the left side of the equation remains constant, making
it zero. Thus, Equation 4–4 in equilibrium state can be rewritten as:
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𝐷𝑎 =
𝑑𝑉𝐵𝜆

𝐴
· 𝜂

1 − 𝜂
(4–5)

where 𝜂 is the ratio of radon number concentrations across the membrane:

𝜂 =
𝐶𝐵

𝐶𝐴

(4–6)

Therefore, once the concentration ratio across the membrane is known, the average dif-
fusion coefficient 𝐷𝑎 can be easily calculated. This coefficient reflects the macroscopic in-
fluence of the membrane material on radon diffusion.

To explore the relationship between the precise diffusion coefficient and solubility more
thoroughly, we can derive an expression similar to Equation 4–4 by assuming a one-dimensional
space for simplicity:

𝜕𝐶𝐵

𝜕𝑡
= −𝐷𝐴

𝑉𝐵

𝜕𝐶′
𝐵

𝜕𝑥
− 𝜆𝐶𝐵 (4–7)

When the system reaches equilibrium, the left side of Equation 4–7 equals zero. By
following the approach described in the article[64], we can obtain the same transcendental
equation:

𝛼 · 𝛽 =
𝑆 · 𝐴
𝑉𝐵

[
1 − 𝛽 · cosh(𝛼 · 𝑑)

sinh(𝛼 · 𝑑)

]
(4–8)

where we follow the established convention:

𝛼 =

√
𝜆

𝐷
(4–9)

𝛽 =
𝐶𝐵

𝐶𝐴

(4–10)

In our experiment, we’ll evaluate the solubility parameter, denoted as 𝑆, across a range of
1 to 20. The ratio of radon concentrations on either side of the membrane can be determined
experimentally. Using this ratio and the specified 𝑆 value, the radon diffusion coefficient 𝐷
in Equation 4–8 can be calculated, resulting in a diffusion coefficient expressed as a function
of solubility.
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4.3 Analysis of Detector Performance and Spectral Observations

4.3.1 Characteristic Energy Peaks of Radon Decay Products

In the decay chain of 222Rn, our detector can distinctly identify several monoenergetic 𝛼
peaks, as depicted in the last chapter (see Figure 3–1). As shown in Figure 4–7, two prominent
peaks are visible from left to right, corresponding to the peaks of 218Po (6002.4 keV) and 214Po
(7686.8 keV). In fact, when the activity of the radioactive source is low and the measurement
time is long enough, we can observe another relatively small 210Po energy peak (5304.3 keV),
as shown in Figure 4–8. However, with many events and extended measurement periods, this
peak gets overwhelmed and becomes invisible.
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Figure 4–7 The two 𝛼 characteristic peaks seen by our system, from left to right, correspond to
218Po (6002.4 keV) and 214Po (7686.8 keV). The data collection duration for this measurement was

approximately 130 h.

The advantageous position of 214Po further down the decay chain, compared to 218Po,
positively influences its collection efficiency. This occurs because both 214Pb and 214Bi, situ-
ated between them on the decay chain, can also be drawn to the Si PIN surface by the electric
field and decay there. The subsequent 214Po signals can still be detected by the detector. As
indicated in Figure 4–7, the characteristic peak of 214Po demonstrates a higher event count
over the same collection time. Besides, distinguishing between events from 218Po becomes
challenging due to the substantial overlap between the energy peaks of 210Po and 218Po. Addi-

38



上海交通大学学位论文 Chapter 4 Symmetric Radon Diffusion Chamber Design

tionally, around 36% of 212Bi decays via alpha decay, with an energy of about 6 MeV, which
can also overlap with the 218Po energy spectrum. Given these challenges, our subsequent
analyses prioritize selecting the energy peak of 214Po for nuclear radioactivity measurement
to ensure improved precision in our results.

Figure 4–8 The alpha energy spectrum obtained at the background-level radiation. The peak on
the far left corresponds to the 210Po energy peak (5304.3 keV)

4.3.2 Calibration of the Detector

For the Radon Diffusion Chamber system, we aren’t particularly concerned about the
absolute efficiency of the two radon detectors. Instead, we focus on the ratio between their
detection efficiencies, as our goal is to calculate the ratio of radon number concentration
between the two sides.

To calibrate the system’s efficiency, we connect the radon source, diffusion chamber, and
RAD7 (a commercial radon detector[65]) in sequence. Throughout the process, we maintain
a nitrogen flow rate of 1 SLPM to facilitate gas flow across the calibration setup, controlled
via a Mass Flow Controller (MFC). After turning on the 226Ra source, we wait until the
radon concentration within the system reaches equilibrium before measuring. The calibration
primarily focuses on detecting 214Po efficiency, with results shown in Table 4–1.

There are two potential explanations for the 3.3% difference in efficiency between the
two sides.
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Table 4–1 Calibration for detection efficiency

Detection Position 214Po Calibration Efficiency
(Bq/m3)

RAD7 182.0±4.0 -
Detector Side A 55.9±0.6 30.7±0.8%
Detector Side B 49.9±0.6 27.4±0.7%

First, although the system was designed to be symmetric, uncontrollable factors such as
variations in hand movements during pre-signal amplifier soldering and the angles at which
silicon pins are placed can cause changes in detector efficiency. However, since the angle of
the two silicon PIN diodes is consistent across all tests and each diode is linked to a specific
pre-signal amplifier, any efficiency fluctuations arising from these factors are systematic and
should not compromise the accuracy of our experiments.

Second, while continuous nitrogen flushing is employed to improve gas flow, the sys-
tem’s geometry can cause gas short-circuiting. In other words, the nitrogen inlet and outlet
create a more direct gas path within the chamber, allowing nitrogen to exit quickly through
this route instead of circulating throughout the chamber. This can result in uneven radon
concentrations, with lower levels at the detector’s farther regions. Future experiments aimed
at optimizing the chamber design could mitigate this issue.

4.3.3 Background Levels

To assess the background level in the diffusion chamber, we operate the system with the
226Ra source turned off. The signal rate of 214Po on both sides of the membrane remains
around 0.4 Bq/m3. Each use of radioactive sources introduces variations in background
counts for subsequent experiments, leading to inconsistencies. However, we have observed
through comparative trials that the overall magnitude of background events remains consis-
tent across experiments. Compared to the data in the previous subsection, the background
level of the detector here is almost negligible compared to the radon concentration when
the radiation source is open, which has little impact. Moreover, since the background levels
during each experimental measurement vary, we have directly ignored the influence of the
background in subsequent calculations without further processing.
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4.4 Experimental Results

Based on the experimental setup and methods detailed in previous sections, we evaluated
various membrane materials that are presently used in the PandaX and the JUNO experi-
ments. The results of these measurements are presented in Figure 4–9.

Figure 4–9 This figure shows the four membrane materials that we tested. The image in the top
left corner features a nylon membrane, and the one in the top right corner shows a GOO.N paper
membrane. The bottom left image displays a light-blocking film, and the bottom right image shows

a polyethylene membrane.

After a specific period, the number concentration of 214Po stabilizes on both sides of the
membrane within the chamber (see Figure 4–10), signifying equilibrium in radon diffusion.
As we have expected, the concentration levels on either side vary due to the presence of the
membrane, where the radioactive activity of 214Po in the receiver chamber is clearly lower
than in the source chamber. By following the principles outlined in the last chapter, we can
determine the relative concentration ratio of radon on each side by measuring 214Po concen-
trations. This ratio is critical for evaluating the membrane’s ability to inhibit radon diffusion.

Tables 4–2 and 4–3 present the parameters of four measured membrane materials in our
experiments. Allmeasurementswere taken at room temperature (25◦C). The parameter 𝑑 rep-
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Figure 4–10 The image displays the progression over time of the radioactive activity of 214Po on
both sides of the membrane material while measuring the Paper (GOO.N) material. It can be

observed that approximately 56 hours after activating the radiation source, the decay rate on both
sides begins to stabilize.

resents the average membrane thickness, and 𝜂𝑅 represents the relative radon ratio between
the two sides, adjusted for detection efficiency. If𝐶𝑖 denotes the radon number concentration
on side 𝑖 and 𝐸𝑖 represents the calibration efficiency for that side, the relative ratio 𝜂𝑅 can be
calculated using:

𝜂𝑅 =
𝐶𝐴/𝐸𝐴

𝐶𝐵/𝐸𝐵

Table 4–2 List of parameters of measured materials (25 ◦C) - Part 1

Nylon Paper (GOO.N)
Translucent Yes No
𝑑 (mm) 0.083±0.002 0.053±0.002
Feature Without glue Single-sided water-soluble adhesive
𝜂𝑅 0.1±0.01% 72.4±2.60%

𝐷𝑎 (cm2/s) (2.28±0.29)×10−10 (4.40±0.50)×10−7

The results distinctly reveal a wide range of diffusion coefficients across various materi-
als. For instance, nylon exhibits a very low radon diffusion coefficient, effectively preventing
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Table 4–3 List of parameters of measured materials (25 ◦C) - Part 2

Light blocking film Polyethylene
Translucent No Yes
𝑑 (mm) 0.077±0.002 0.089±0.002
Feature Without glue Single-sided minimal adhesive
𝜂𝑅 92.1±3.40% 44.1±1.60%

𝐷𝑎 (cm2/s) (2.80±1.20)×10−6 (2.21±0.11)×10−7

radon diffusion. However, the light blocking film is much worse regarding the blocking func-
tion.

To identify the relationship between the radon diffusion coefficient and solubility, as ex-
plained in the previous section, we varied the solubility value 𝑆 from 1 to 20 and calculated
the corresponding diffusion coefficient 𝐷 using Equation 4–8. Despite the fact that we didn’t
determine the exact 𝑆 values due to experimental constraints, Figure 4–11 clearly shows the
negative correlation between solubility and radon diffusion coefficient.
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Figure 4–11 The figure presents the measurement results of the relative relationship between the
radon diffusion coefficient and solubility. The curve band illustrates the results derived by varying

𝑆 from 1 to 20 and applying Equation 4–7

The average diffusion coefficients for various materials align closely with those calcu-
lated when 𝑆 = 1, consistent with physical expectations. Figure 4–12 contrasts the experi-
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mental average diffusion coefficients with the theoretical coefficients for 𝑆 = 1. The resem-
blance between these two sets of values across all materials verifies our hypothesis, offering
a comprehensive comparison of the average diffusion coefficients among different materi-
als. Hence, by using the average radon diffusion coefficient calculated from Equation 4–5,
based solely on the difference in radon number concentration across the membrane, we can
estimate the magnitude of a material’s radon diffusion coefficient.
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Figure 4–12 The red dots depict the average diffusion coefficient and error across different
materials. Meanwhile, the height of the blue shading indicates the radon diffusion coefficient for

each material, assuming 𝑆 = 1.

4.5 Summary

In this chapter, we’ve introduced a symmetrical radon diffusion chamber design that im-
proves upon the traditional electrostatic collection method, providing good capability for
measuring the radon diffusion coefficient of radon across membrane materials.

We tested four different membrane materials, all of which are commonly used in low
background experiments. Nylon’s low radon diffusion coefficient shows promise for exper-
iments requiring strict control over radon infiltration. Our results also underscore the influ-
ence of solubility on radon diffusion, and these findings on the impact of solubility may have
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broader implications. Experiments involving rare decays and membrane materials must ac-
count for the material’s intrinsic properties and environmental factors affecting solubility,
such as temperature and humidity. Understanding the relationship between the diffusion co-
efficient and solubility for different materials is essential for assessing their effectiveness in
preventing radon diffusion.
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Chapter 5 Future Strategies for Radon Control and
Measurements

In the previous chapters, we’ve discussed some experimental techniques and methods
related to radon background. These approaches have been used in low background exper-
iments for a long time and have generally been quite effective. In this chapter, I propose
several ideas that could further control radon background in future experiments or use ex-
isting techniques to achieve new measurement objectives. Some of these ideas may already
be under exploration, some might seem like a distant fantasy, and others face temporary
technical challenges. Here, I offer my personal and tentative suggestions for reference.

5.1 Measurement of Radon Solubility Constants in Membranes

In the experiment from the previous chapter, specifically in the part about solubility, we
only conducted a scan ranging from 1 to 20 without obtaining precise values. In fact, by
making some adjustments to the experimental procedure and initial conditions, we could
potentially use this radon diffusion chamber system to measure the radon solubility constant
of membrane materials. A study[63] around 1991 discussed this topic. With today’s detection
technology advancements, we’re poised to achieve even better measurement results.

To determine the solubility constants, we first need to ensure that the radiation source is
turned off. Then, open the chamber and flush it with a nitrogen stream to clean it thoroughly.
Place the membrane material to be tested inside, reassemble the chamber, and measure the
radon background levels on both sides of the membrane. This experiment requires one sub-
chamber to quickly increase from zero to a stable high radon number concentration. There-
fore, we will need to supply a steady nitrogen flow throughout the experiment continuously.

We should connect the exhaust line of the sub-chamber closest to the radiation source to
a gas delivery tube. The radiation source side is linked to the chamber on one side, and the
other is connected to the nitrogen source through a gas flow meter. Naturally, this requires
us to redesign the chamber’s pipeline layout and the arrangement of the inlet and outlet gas
channels to ensure that the nitrogen flow creates a consistent and stable radon concentration
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environment in the sub-chamber connected to the radiation source. The new design will also
compensate for the systematic errors that arise during calibration due to uneven radon con-
centration distribution. Once the entire system is ready for continuous data collection, we can
turn on the radiation source and measure the radon concentration changes from the time the
source is turned on until radon diffusion within the system reaches equilibrium. Subsequent
calculations should refer to the methods described in the reference paper[63]. It’s important
to note that, due to technical limitations, the calculations in the paper only account for the
total number of alpha decays. However, today’s detectors can measure alpha energy to dis-
tinguish between different types of alpha decays. As a result, we should focus on monitoring
changes in the concentration of specific decay products (say 214Po) to achieve more accurate
measurements of the solubility constants.

5.2 Methods for Controlling the Background Level of Radon Measure-
ment System

To enhance the sensitivity of the previously mentioned radon measurement system, it’s
crucial not only to increase the detector’s detection efficiency but also to reduce the radon
background level within the detector’s chamber. If the detector emits too much radon itself,
the signals from materials with very low radon emanation rates could be drowned out by
the detector’s background radiation, making measurement impossible. Thus, reducing the
detector’s inherent background enables it to accurately measure materials with extremely
low radon emissions. Typically, the radon background in detectors originates from radon
emitted from the inner surface of the chamber, which is a result of the decay of uranium and
thorium present in the construction materials. Therefore, besides prioritizing low-uranium
and low-thorium materials during detector construction, new methods are needed to further
reduce the background in the radon measurement system.

As mentioned in previous sections, surface treatments like electrochemical and mirror
polishing can be applied to the inner surface of the detector chamber to reduce surface rough-
ness. Generally, smoother surfaces translate to lower radon emanation rates, thereby improv-
ing detector sensitivity.

Additionally, the radon diffusion process from the detector material can be artificially
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blocked. Using the double-chamber detector introduced earlier, we can identify membranes
with excellent radon diffusion-blocking properties and low inherent radon emissions. These
membranes can be tightly adhered to the inner surface of the detector chamber, effectively
creating a protective layer that prevents radon diffusion. Mylar films, for example, are known
for their low radon background and effective diffusion barrier properties. Such membranes
can help further reduce the radon background of the radon measurement system.

Moreover, altering the structural design of the detector chamber might also help reduce
the radon background. Typically, the volume of a chamber remains constant regardless of its
shape. Whether measuring a small film or a larger PMT, the chamber volume is always the
same. This insight suggests that the chamber volume could be manually reduced for smaller
samples to optimize detection efficiency and background levels.

Figure 5–1 The figure shows a possible radon measurement system chamber design with multiple
selectable volume positions. The red dashed lines indicate the three selectable volume positions.

The gray shape represents a movable stainless steel piston that serves as the bottom of each volume
position.

Inspired by syringe-like designs, Figure 5–1 illustrates a possible new detector chamber
for a radon measurement system. The gray shape in the figure represents a stainless steel
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piston that can be adjusted up and down to switch between different volume positions (A, B,
and C), depending on the sample size. For smaller samples, selecting a lower volume position
improves radon progeny collection efficiency while reducing the chamber’s inner surface
exposure to air, thereby minimizing the chamber’s radon emission rate. To further reduce the
detector’s radon background, radon-blocking membranes or low-background coatings could
be applied to the piston’s surfaces and the chamber’s interior.

5.3 Online Radon Removal by Centrifugal Separation

In various low background experiments, radon diffusion from detector construction ma-
terials into the sensitive area during data-taking is a persistent challenge. To address this,
many experiments have devised online radon removal systems, with cryogenic distillation
being a commonly used method[66]. This technique uses a cryogenic distillation column to
collect and purify gaseous xenon in the detector to remove trace amounts of radon. While
this method can eliminate some radon, the remaining amount requires further solutions. Fig-
ure 5–2 illustrates a potential approach for the future. This discussion focuses only on the
physical feasibility of the strategy, leaving technical and more complex engineering issues
for later consideration.

Since both 222Rn and 220Rn are significantly heavier than xenon and its isotopes, we can
consider high-speed centrifugal separation to remove these backgrounds. In this method, the
TPC functions similarly to a washing machine drum. During experimental pauses or before
data collection, high-speed centrifugation of the liquid xenon inside the TPC can separate
heavier atoms, which experience greater centrifugal forces and thus are pushed outward. This
results in the outer layer of liquid xenon containing more high-mass radioactive impurities.

To enhance the effectiveness of background reduction, this method aims to minimize the
introduction of additional materials into the TPC. The red circles in the diagram represent an
annular heating band mounted on the Teflon exterior, which heats the upper layer of xenon
gas. As the gas expands from heating, the pressure on the liquid xenon below increases, fa-
cilitating the control of the subsequent discharge process for the high-impurity liquid xenon.
The internal geometry of the Teflon vessel holding the liquid xenon is redesigned to feature
a continuous grooved surface instead of a smooth plane. These grooves connect to drainage
pipes to control the discharge of the liquid xenon. This way, the outer layer of liquid xenon,
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Figure 5–2 The figure shows a simplified diagram of TPC modification for online radon removal
using centrifugal separation (with LXe TPC as an example). The red circles represent heating

bands used to heat the xenon gas to pressurize the detector. The dashed rectangle shows the new
geometry of Teflon, featuring a continuous grooved surface and an outlet pipe for draining liquid

xenon enriched with impurities

containing more radon after centrifugation, is collected, vaporized, and subjected to a se-
ries of radon removal processes before being recirculated into the TPC as purer xenon gas.
Indeed, changes to Teflon’s surface geometry could impact the photon collection efficiency
during experiments. This might necessitate employing improved manufacturing techniques
to achieve Teflon surfaces with higher reflectivity or alternatively adopting other methods to
compensate for any potential losses in efficiency.

Since this method is sensitive only to the atomic mass number, other heavy elements be-
sides radon are also expected to be flung outward along with radon. However, several issues
require further investigation. For example, will the increased surface area of the Teflon lead
to more background contamination? How can we effectively control the high-speed centrifu-
gation of tons or even tens of tons of liquid xenon? How can gas pressurization efficiently
discharge radioactive impurity-rich liquid xenon from different levels? If this method is con-
sidered for use in the future for radon removal, these issues must be addressed and resolved.
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5.4 Summary

In this chapter, we explored several innovative strategies and methods for radon control
and measurement in low background experiments. We started by proposing that our radon
diffusion chamber could measure radon solubility constants in membrane materials. With
some adjustments to the experimental setup and design of the chamber, this system can yield
more accurate measurements, improving our ability to select materials with a better radon-
blocking effect.

We then discussed methods to reduce the inherent background levels in radon measure-
ment systems. By applying surface treatments or radon-blocking membranes to detector
chambers, we can expect lower radon emissions, allowing the accurate detection of materials
with extremely low radon emanation rates. We also discussed the radon measurement system
chamber’s design with multiple selectable volumes here.

Ultimately, we introduced a concept for online radon removal using high-speed centrifu-
gal separation. This approach takes advantage of the mass difference between radon and
xenon to separate radon atoms from liquid xenon in the Time Projection Chamber. While
promising, it requires further exploration to address engineering and practical challenges.

Together, these strategies could provide valuable insights into future radon control and
measurement techniques, paving the way for improved radon-sensitive experiments.
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Chapter 6 Summary

In this comprehensive exploration of the hidden universe, we delved into the enigmatic
realms of dark matter and neutrinos, as well as the challenges associated with their detection.
These low background experiments, often located deep underground, might hold the key to
unlocking unknown physics. Controlling background noise is crucial to their success. This
thesis specifically examines radon-related measurement and control techniques in these low
background experiments.

Currently, rare event detection experiments in the fields of dark matter and neutrinos are
flourishing worldwide, with intense international competition. In dark matter research, the
LZ experiment and DarkSide-20k experiment focus primarily on WIMPs, while the Axion
DarkMatter experiment (ADMX) and SuperCDMS experiment aim to search for lighter dark
matter models like axions. Large-scale facilities such as the LHC and the future IceCube-
G2 could also play a significant role in uncovering the nature of dark matter. Astrophys-
ical projects like CMB-S4 and the Southern Wide-field Gamma-ray Observatory (SWGO)
will provide critical information to support dark matter detectors. Naturally, these large-
scale experiments involve different background control logic than the deep underground low
background experiments. In neutrino research, the nEXO and JUNO experiments will offer
improved results in measuring the neutrino mass hierarchy and searching for neutrinoless
double-beta decay. Similar efforts are underway with experiments like NOvA and DUNE in
the U.S. and Japan’s T2K experiments. We hope that one of these experiments will lead us
to discover new and intriguing physics. For most of them, managing the background levels
will be crucial for achieving their goals.

For most low background experiments, radon is a pervasive and troublesome issue. Its
decay products can create false signals in detectors, potentially drowning out the actual target
signals. This thesis extensively discusses the background effects caused by radon in detectors
and techniques for controlling and measuring radon levels in experimental materials. These
methods have long been used effectively in particle physics experiments. With ongoing im-
provements in detector capabilities and the development of new techniques, we should expect
that increasingly low-radon-background environments will be achieved.
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However, there are some points I believe experimenters should reflect upon. With signif-
icant resources and effort now devoted to low background experiments, we seem to be too
focused on existing approaches. In TPC-based experiments, successive generations of detec-
tors have been upgraded, increasing the amount of target material from kilograms to tens of
tons, while reducing various types of background. Everything appears to be moving in the
right direction. However, if the next generation of experiments still can’t provide satisfactory
answers, will we continue to build even larger detectors with even lower background levels?
While upgrading from one generation to the next certainly has its advantages, as it promotes
technical innovation, we may be losing our initial instinct for fundamental physics.

Similar to the gravitational wave detection experiments from decades ago, the resonant
aluminum bar detectors[67] were pioneering in gravitational wave detection. Subsequently,
there was a solid effort to lower temperatures to increasingly colder levels and better control
background noise. Despite these efforts, no convincing experimental evidence was found.
Instead, the novel approach later adopted by the LIGO experiment, which utilized a Michel-
son interferometer-based detector, first successfully detected gravitational waves[68]. This
success certainly involved an element of luck, but it undoubtedly represents a triumphant
experience in the search for rare signals in physics. We sincerely hope the next generation
of experiments will yield groundbreaking results. Still, if not, we would like to see more
funding and ingenuity invested in exploring new ideas and experimental techniques, which
could be a better future for both fundamental physics and detector technology.
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